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Two Ty5 mutants with increase transposition frequencies were identified 
The implications of this research 
The yeast Ty5 retrotransposon has a strong preference to integrate within silent 
chromatin at the telomeres and the silent mating-type loci. I developed an assay to monitor 
targeted integration of Ty5. Using this assay in mutant screens, I identified Ty5 targeting 
mutants with decreased target specificity to silent chromatin. The mutations clustered within 
a stretch of six amino acids, which define the Ty5 targeting domain. Site-directed 
mutagenesis experiments further confirmed the targeting domain's small size. When the 
targeting domain was tethered to a chromosome site, it nucleated the assembly of silent 
chromatin and resulted in transcriptional repression of adjacent marker genes. When 
overexpressed as part of a fusion protein, the targeting domain titrated away components of 
silent chromatin and resulted in the loss of transcriptional silencing at the telomeres. In 
separate experiments, I found that when Sirlp, a well-characterized protein that recruits silent 
chromatin, was tethered to a plasmid, it created a Ty5 integration hot-spot. In summary, 
these experiments indicate that the Ty5 targeting domain interacts with components of silent 
chromatin. Tethering the Ty5 integration complex to silent chromatin by the targeting 
domain is likely the mechanism underlying target specificity. In addition, two Ty5 mutations 
that each cause an approximately six fold increase in transposition frequency were identified. 
Both mutations are in the gag gene and likely affect particle formation or RNA packaging. 
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CHAPTER I. GENERAL INTRODUCTION 
Transposable elements 
Transposable elements can move from one location in the chromosomes of their host 
to another. There are two groups of transposable elements: DNA transposons and 
retrotransposons. Each group consists of a wide variety of elements. However, each group 
can be distinguished by its mode of replication. The DNA transposons replicate by excising 
an existing element and pasting it into a new location in the host chromosomes. The best 
known examples of DNA transposons include the Ac/Ds elements in Zea mays and the P 
element in Drosophila (Pohlman et al., 1984;0'Hare and Rubin, 1983). The retrotransposons 
replicate through a process called retrotransposition in which the RNA transcribed from the 
element is reverse transcribed into cDNA. The cDNA copy is then inserted into a new 
location in the host chromosomes. The parental element remains in its original location. 
Examples of retrotransposons include the LINE elements in mammals (Hattori et al., 1986), 
the group 11 introns in fimgi (Keimell et al., 1993), the gypsy and copia elements in 
Drosophila (Fouts et al., 1981; Marlor et al., 1986) and the Tyl and Ty3 elements in S. 
cerevisiae (Farabaugh and Fink, 1980; Hansen et al., 1988). Retrotransposons are fiirther 
classified into non-LTR retrotransposons and LTR retrotransposons based upon whether they 
have long terminal repeats (LTR) at their ends (Xiong and Eickbush, 1990). LINE elements 
and group II introns are non-LTR retrotransposons, whereas gypsy, copia and Ty elements 
are LTR retrotransposons. The LTR retrotransposons are very similar to retroviruses in terms 
of both their genomic organization and their life cycles. The term LTR retroelements has 
been used to represent both the retroviruses and the LTR retrotransposons. 
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Genomic structure of LTR retroelements 
The LTR retroelements have long terminal repeats (LTRs) at their 5' and 3' ends 
(Berg and Howe, 1989) (Figure 1). The LTRs are usually a few hundred base pairs long and 
have conserved TG and CA dinucleotides at their very 5' end and 3'end, respectively. The 5' 
LTR is usually the promoter and the 3' LTR serves as the transcription terminator. A primer 
binding site (PBS) is immediately adjacent to or within a few base pairs downstream of the 5' 
LTR and is the start site for minus strand DNA synthesis in reverse transcription. The PBS is 
complementary to a cellular tRNA, which pairs with the sequence and primes DNA 
synthesis. A polypurine tract near the 3' LTR is important for priming plus-strand DNA 
synthesis in reverse transcription. 
The internal region of LTR retroelements usually has two major open reading frames 
encoding the gag protein and the pol protein (Berg and Howe, 1989). The gag protein is the 
structural protein that assembles into virus or virus-like particles. The pol protein has several 
enzymatic domains. One of the domains is the protease domain that is essential for 
proteolytically cleaving the pol protein into several mature proteins. These proteins include 
reverse transcriptase (RT) and integrase (IN). The order of RT and IN in the pol protein 
separates the LTR retrotransposons into two families; the lyZlgypsy family and the 
Ty\ Icopia family. The Ty3lgypsy family, like the retroviruses, has RT preceding IN, whereas 
RT is the last protein in pol in the lyMcopia family (Berg and Howe, 1989). 
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Figure 1. Genomic organization of eucaryotic LTR and non-LTR retroeiements. 
Black boxes flanking each element represent long terminal direct repeats. Major 
open reading frames are depicted as open boxes, and offset boxes signify a shift in 
reading frame. Conserved amino acid sequence domains are as follows: RB, a 
cysteine motif implicated in RNA binding; PR, protease; RT, reverse transcriptase; 
RH, RNase H; IN, integrase. All elements are aligned with respect to their reverse 
transcriptase gene. 
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The gag and the pol proteins are usually transcribed from the same element mRNA. 
When the element mRNA is translated, only the gag protein is produced most of the time. 
Occasionally, a ribosomal frameshift occurs and a gag-pol fusion protein is translated. This is 
the most common mechanism that the LTR retroelements use to control the stoichnoimetry 
of gag and pol proteins. What distinguishes the retroviruses from the LTR retrotransposons is 
a third open reading frame, called env. This open reading frame encodes an envelope protein 
which confers to the retroviruses infectivity (Brown and Varmus, 1989). The LTR 
retrotransposons are not infectious because they generally lack this third open reading frame. 
Life cycle of retroelements 
Not only do retroviruses and LTR retrotransposons share a similar genomic structure, 
they also share a similar life cycle (Figure 2). The major steps include transcription, particle 
formation, reverse transcription and integration (Berg and Howe, 1989). The LTR 
retroelements are first transcribed to a mRNA by the host pol II transcription machinery. The 
proteins are translated from the mRNA, and they subsequently assemble into virus or virus­
like particles along with the mRNA. Host factors, which include a tRNA, are also packaged 
into the particles. Inside the particles, the tRNA is used as the primer to initiate reverse 
transcription, which is carried out by the reverse transcriptase. A linear double-stranded 
cDNA copy of the element is produced by reverse transcription. For retroviruses, the mature 
virus particles can leave their host cells and infect other host cells or organisms. For LTR 
retrotransposons, the virus-like particles remain inside their host cells. In order for the LTR 
retroelements to complete their life cycle, the cDNA has to be integrated into the host 
genome. The cDNA first forms an integration complex along with the integrase and possibly 
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Figure 2. The life cycle of retroelements. Steps that are specific to the retroviruses are 
labeled in italics. Tx, transcription; Tl, translation. Reprinted from Voytas and Boeke, 1993. 
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some other element or host factors. The integration complex is then imported into the nucleus 
of the host cell. It is inside the nucleus that the integrase cuts a host chromosome and pastes 
the cDNA into the cut site. The cut made by the integrase is a staggered cut. The cDNA is 
ligated into the cut site, and gap repair by the host repair machinery leaves a 4-6 bp insertion 
site duplication flanking the element, which is the hallmark of LTR retroelement integration. 
Target specificity of retroelemeiits 
The retroelements have long been known to show a preference in selecting the 
chromosomal sites in which they insert their cDNA (Sandmeyer et al., 1990; Craigie, 1992). 
Such a preference is called target specificity. The pattern of the insertion sites or the level of 
target specificity, however, varies among different groups of retroelements. 
The retroviruses do not show a strong target bias at the genome level. Rather, they 
show regional preferences and tend to integrate into transcriptionally active or ONase I 
hypersensitive regions (Brown and Varmus, 1989). The best known examples of retroviruses 
with target specificity include the Molony murine leukemia virus (MoMLV) and the avian 
leukosis virus (ALV). An in vitro study by Kitamura et al. showed that the distribution of 
insertion sites of ALV in both methylated and unmethylated target DNAs was not random 
(Kitamura et al, 1992). The preferred insertion sites, however, did not show any obvious 
sequence similarity. This suggests that some higher order structural features are involved in 
target site selection. In another in vitro study, Pryciak et al found that the insertion sites of 
MoMuLV clustered at 10 bp intervals when a minichromosome associated with nucleosomes 
was used as the target DNA (Pryciak et al., 1992). This indicates that the MoMuLV could 
only integrate into one face of the DNA wrapped around the nucleosome. 
I 
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Many non-LTR retrotransposons show strong target specificity for certain DNA 
sequences or DNA with certain structures. For example, the R2 ehnents in Bombyx mori 
integrate only into a specific site in 28S rDNA (Luan et al., 1993). The Het-A elements of 
Drosophila integrate into the ends of chromosomes in a head-to-tail fashion and function as 
telomeres (Biessmann et al., 1990; Biessmann et al., 1992; Levis et al., 1993; Sheen and 
Levis, 1994). Similarly, the SARTl elements in Bombyx mori integrate preferentially into the 
pentanucleotide telomeric repeats (TTAGG)n (Takahashi et al, 1997; Takahashi and 
Fujiwara, 1999). All SARTl insertions analyzed occurred between the T and A within the 
(TTAGG)n repeats. The LINEl element in human was found to be enriched in alpha satellite 
DNA. The insertion sites share the consensus sequence (Py)2-10/(Pu)3-7 (Laurent et al, 
1997). 
LTR retrotransposons usually show strong target preference for some chromosomal 
loci. The best examples are the Ty elements in S. cerevisiae. There are five families of LTR 
retrotransposons in S. cerevisiae, Tyl-Ty5 (Boeke and Sandmeyer, 1991; Voytas and Boeke, 
1993). Tyl, Ty2, Ty3 and Ty4 all have a strong target preference for genes transcribed by the 
pol in transcription machinery, namely the tRNA genes, the 5S rDNA genes and the U6 gene 
(Voytas and Boeke, 1993). The Tyl elements integrate mainly within 1 kb upstream of pol 
III transcribed genes. The Ty3 elements show even stronger target specificity and integrate 
preferentially within a few base pairs upstream of the transcription start sites of pol III 
transcribed genes. Ty5 retrotransposons have distinct target specificity. Ty5 elements have 
been shown to integrate mostly into the telomeres and the silent mating type loci, namely the 
HMR and HML loci (Zou et al., 1995; Zou et al., 1996). 
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Mechanisms of target specificity 
The mechanism of target specificity of retroelements is largely unknown. However, it 
appears to be very different for different groups of retrotransposons. The target preference of 
retroviruses for sites like the DNase I hypersensitive regions suggests that the accessibility of 
target DNA may be important for the non-random distribution of retroviral insertions 
(Craigie, 1992). The promoter regions of genes are usually hypersensitive to DNase I. It is 
presumably because they have more open chromatin structures that they are accessible to the 
transcription machinery. It is only logical to believe that such regions are also more 
accessible to the retroviral integration complex. Apparently, the accessibility of target DNA 
can be affected by many factors, such as compartmentalization of chromosomal regions 
inside the nucleus, higher order chromatin structure, lower order chromatin structure (i. e. 
nucleosome binding) and certain unique DNA structural features. There may not be specific 
host factors involved in the target site selection of retroviruses. Although Kalpana et al. 
found that Inil, a homolog of the yeast transcription factor SNF5, interacts with HIV 
integrase in the two-hybrid assay (Kalpana et al, 1994), there is no evidence to support that 
this protein plays a role in HIV target site selection. 
On the other hand, the target specificity of the non-LTR retrotransposons, like the R2 
element in Bombyx mori and LINEl in human, may reflect the sequence preference of the 
element-encoded endonuclease (Luan et al., 1993; Cost and Boeke, 1998; Feng et al., 1996). 
The preferential cleavage of some sites by the endonuclease, followed by reverse 
transcription at the cleavage sites using the cleaved DNA as the primer, likely causes the non 
random distribution of insertion sites. The endonuclease of the R2 element, is known to 
specifically recognize a sequence in 28S genes (Luan et al., 1993). Studies on LINEl 
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elements suggest that LINE I endonuclease is specific for an unusual DNA structure or DNA 
sequence (Cost and Boeke, 1998; Feng et al., 1996). 
For the LTR retrotransposons, a protein-protein interaction model is commonly 
accepted. It is proposed that retrotransposons recognize their target sites by the interaction 
between their integration complexes and chromosomal proteins at target sites (Bushman 
1995). The studies on Tyl and Ty3 support this model. Assembly of the pol III transcription 
complex was required for targeted integration of both Tyl and Ty3 into the upstream regions 
of tRNA genes (Chalker and Sandmeyer, 1992; Devine and Boeke, 1996). Mutations in 
tRNA genes that disrupt transcription also disrupt targeted integration of Tyl and Ty3 
elements to these genes. Furthermore, Kichner et al. showed that the binding of TFIIIB and 
TFIIIC to a tRNA gene was necessary and sufficient for the selective integration of Ty3 in 
vitro (Kichner et al., 1995), suggesting that it is the transcription factors and not the 
transcription per se that are important for targeting. In the case of Ty3, TFIIIB and TFIIIC 
most likely interact with the Ty3 integration complex and tether it to the tRNA genes. The 
exact proteins that interact with the Tyl and Ty3 integration complex, however, remain to be 
determined. 
The relationship between silent chromatin and retrotransposons 
Transcriptional repression has been observed in many organisms. In mammals, the 
examples include parental imprinting and X inactivation (Tilghman and Willard, 1995). 
Parental imprinting reflects the functional non-equivalence of maternal and paternal genomes 
in the offspring. For some genes, the maternal copies are expressed and paternal copies are 
repressed. For other genes, it is the opposite. The cells are really hemizygous for these so-
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called imprinted genes. X inactivation is the repression of almost all the genes on one of the 
two X chromosomes in the female individuals. In Drosophila, position effect variegation 
(PEV) is another well-known example of transcriptional repression (Eissenberg et al., 1995). 
People first noticed such phenomenon because they found that genes relocated near 
heterochromatin through chromosomal rearrangements or transposition showed position-
dependent transcriptional silencing. In plants, transcriptional silencing is also observed in the 
intergenic regions that are rich in repetitive sequences. DNAs in these regions are 
hypermethylated, and this hypermethylation is thought to be a cause of transcriptional 
repression (Bennetzen et al., 1994). In the budding yeast S. cerevisiae, mating type genes 
encoded by the HMR and HML loci are silenced, whereas the same genes located at the MAT 
locus are expressed (Laurenson and Rine, 1992). Genes placed at or near the telomeres also 
show variegated expression levels because of transcriptional repression. This effect is called 
telomeric position effect. People found that many proteins assemble at the telomeres and HM 
loci and form a unique chromatin called silent chromatin. It is thought that silent chromatin 
blocks the access of the transcription machinery to genes and causes transcriptional 
repression. In addition to repressing transcription, silent chromatin is often late replicating 
and can be considered to be heterochromatin, which was first described by Heitz (Heitz, 
1928). In this thesis, I use the term silent chromatin for all transcriptionally repressed 
chromosomal regions. 
In the past few years, a remarkable relationship has emerged between 
retrotransposons and silent chromatin. First, the integration sites of retrotransposons are often 
coincident with silent chromatin. Retrotransposons are packed within the methylated 
intergenic regions in Zea mays. In Drosophila melanogaster and Drosophila yakuba, HeT-A 
II 
elements integrate exclusively at heterochromatic chromosomal ends (Biessmann et al., 
1990; Biessmarm et al., 1992; Levis et al., 1993; Sheen and Levis, 1994; Danilevskaya et al., 
1998). Similarly, the non-LTR retrotransposons TRASl and SARTl also cluster in the 
telomeres of the silkworm Bombyx mori (Takahashi et al., 1997). In S. cerevisiae, Ty5 
elements are associated with silent chromatin and Tyl-Ty4 elements integrate preferentially 
near the 5S rDNA gene (Zou et al., 1995; Zou et al., 1996; Sandmyer and Boeke, 1991); the 
rDNA was recently revealed to be transcriptionally repressed (Bryk et al., 1997; Smith and 
Boeke, 1997). 
A second relationship between retrotransposons and silent chromatin is that silent 
chromatin regulates transposition. In both plants and animals, retrotransposons in the 
intergenic regions are usually hypermethylated and their transcription is repressed 
(SanMiguel et al., 1996). Methylation is therefore postulated as a host defense mechanism 
against retrotransposons (Martienssen, 1998). In support of this hypothesis, a study by 
O'Neill et al. showed that undermethylation could cause retroelement activation and result in 
chromosome remodeling (O'Neill et al., 1998). In S.cerevisiae, Ke et al. showed that 
transcription of Ty5 elements inserted in silent chromatin is silenced and is induced only 
when yeast cells mate (Ke et al., 1997). Similarly, Tyl elements are transcriptionally silenced 
in rDNA (Bryk et al., 1997; Smith and Boeke, 1997). Specific components of silent 
chromatin are also involved in retrotransposition. Ku—a protein involved in DNA end-
joining— and CAFI—chromatin assembly factor I—, are known to be involved in telomeric 
silencing, and they also affect Ty transposition (Downs and Jackson, personal 
communication; Huang et al., 1999; Qian et al., 1998). 
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Retrotransposons appear to have also been involved in the evolution of silent 
chromatin or to play a role in silent chromatin. The LTRs of the gypsy element in Drosonhila 
serve as a boundary of heterochromatin. The binding of the host protein suppresser of Hairy-
wing, su(Hw), to gypsy LTRs prevents the spread of heterochromatin beyond the LTR 
(Schedl and Grosveld, 1995). Tyl LTRs function similarly at HMR to prevent the spread of 
silent chromatin in S. cerevisiae (Donze et al., 1999). The HeT-A elements described earlier 
actually function as telomeres. Interestingly, Lingner et al. found that the catalytic subunit of 
yeast telomerase shares the same motif as retroelement reverse transcriptases (Lingner et al., 
1997). It is speculated that telomerase, the enzyme that synthesizes the DNA of silent 
telomeric regions, evolved from a retrotransposon like Het-A (Eickbush, 1997). 
A safe haven hypothesis has been put forth to explain the evolution of 
retrotransposons (Sandmeyer et al., 1990; Voytas and Boeke, 1993). Retrotransposons are 
thought to evolve target preference to certain chromosomal sites, the so-called safe havens, 
where coding sequences are rare or duplicated to minimize the deleterious effect of their 
insertion. This is because retrotransposons have to live with the consequences of their 
insertion. Silent chromatin or heterochromatin certainly qualifies as a safe landing pad for 
retrotransposons. The above examples, however, suggest the co-evolution of the 
retrotransposons and the host heterochromatin. The retroelements might have evolved to 
insert into the silent chromatin in order to survive. In turn, the host adopted these inserted 
elements for the further evolution of silent chromatin. 
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Silent chromatin in S. cerevisiae 
Haploid yeast cells have two mating types, a and a. Mating type is contiolled by the 
MAT \oc\x&. The cells are a mating type if the MAT encodes a\ and al genes; they are a 
mating type if the locus encodes al and a2 genes. Two other loci, //MR and HML also 
encode al and a2 or al and al genes. The genes at the HM loci are normally silenced so that 
only the mating type genes at the MAT\oc\xs are expressed. Occasionally, the genes at the 
MAT \oc\xs switch by HO- endonuclease induced recombination with one of the HM loci. The 
cells then also switch mating type. The transcriptional repression at the HM loci is caused by 
the E and I silencers flanking the HM loci (Laurenson and Rine, 1992). These silencers have 
binding sites for proteins like the origin replication complex (ORC), Raplp and Abflp. 
These proteins bind to the silencers and recruit other proteins such as the four Sir proteins, 
Sirlp-Sir4p. The assembly of these proteins at the silencers is thought to block the access of 
the transcription machinery to the genes and to cause transcriptional silencing at these loci. 
The hypoacetylation of the histones are also implicated in transcriptional silencing (Pazin and 
Kadonaga, 1997; Roth and Allis, 1996; Braustein et al., 1996). 
The telomeres in S. cerevisiae are also silent chromatin (Laurenson and Rine, 1992). 
Genes placed at or near the telomeres are transcriptionally repressed. This phenomenon is 
called telomeric position effect (TPE). The telomeric DNA also possesses binding sites for 
ORC, Raplp and Abflp. The silent chromatin at the telomeres is similar to the silent 
chromatin at the HM loci. In addition to ORC, Raplp and Abflp, most of the components of 
silent chromatin at the HM loci also play important roles in telomeric position effect. There 
are differences, however; for example, Sirlp is important in /M/silencing. Deletion of the 
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SIR J gene causes epigenetic derepression of silencing at the HM loci, but has a rather minor 
effect on telomeric silencing. 
It was recently revealed that silent chromatin also forms at rDNA (Bryk et al., 1997; 
Smith and Boeke, 1997). It was shown that tlie transcription of Tyl elements inserted into 
rDNA are repressed. However, the silent chromatin at the rDNA is very different from silent 
chromatin at the telomeres and HM loci. Unlike the telomeric silencing and HM silencing, 
Sir2p protein is the only Sir protein essential for rDNA silencing (Fritz et al., 1997; Smith et 
al., 1998). Nevertheless, all domains of silent chromatin are related. They may compete for 
limiting silencing factors, such as Sir2p. In a special yeast mutant, sir4-42, silencing factors 
are redistributed from the telomeres and HM loci to rDNA, and such redistribution and 
associated chromatin changes are proposed to cause the prolonged life span of the sir4-42 
mutant cells (Kennedy et al., 1997). In other words, rDNA silencing is related to aging. 
Target specificity of tiie yeast LTR retrotransposoii TyS 
The TyS retrotransposons were first identified after the yeast chromosome in 
sequence was completed (Voytas and Boeke, 1992). They were found to be associated with 
the telomeres and silent mating type loci (Zou et al., 1995). Zou et al. developed a 
transposition assay so that cells with TyS transposition events could be easily identified (Zou 
et al., 1996a). In one study, they showed that 18/19 TyS insertions on chromosome III were 
within silent chromatin (Zou et al., 1996a). In another study, they found that 14/15 TyS 
insertions in other chromosomes were at the telomeres (Zou et al., 1996b). Therefore, over 
94% of de novo TyS integration events occur in telomeres and silent mating loci. The 
insertion sites are usually within 1.5 kb of an ACS (ARS Consensus Sequence) which is 
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present at both telomeres and HM loci. ARS (autonomous replication sequence) is the start 
site of DNA replication and is the binding site of ORC. However, the preferred Ty5 insertion 
sites have no obvious sequence similarity, and Ty5 insertions near ARS elements outside 
telomeres and HM loci have not been observed (Zou et al. 1996a; Zou et al., 1996b). 
In a following study, Zou et al. found that deletion of any two of three cw-acting 
elements in the HMR-E silencer, which were shown to abolish silencing at the HMR locus, 
abolish Ty5 targeting to HMR (Zou et al., 1997). These cis-acting sequences are binding sites 
for Abflp (A site), Raplp (E site) and ORC (A site or ARS). hi another study, Zhu et al. 
found that deletions of SIR2, SIRS and SIR4 genes affect Ty5 targeting to both telomeres and 
HM loci significantly (Zhu, Zou, Wright and Voytas, unpublished). These deletions abolish 
silencing by disrupting the silent chromatin and causing the disassociation of silencing 
factors, such as the Sir proteins, from the HM loci and the telomeres. Using a PCR assay, 
Zhu et al. found that deletion of SIR2 caused a 3.7 fold decrease in the frequency of Ty5 
integration to the HMR locus, whereas the deletions of SIRS and SIR4 genes caused an even 
greater decrease. When randomly picked Ty5 chromosomal insertions were recovered and 
their locations were determined by sequencing the flanking sequences, they found that only 
5/10 insertions occurred near silent chromatin in a /Ssir2 strain, 4/11 in a AsirS strain and 1/9 
in a Asir4 strain. Although the frequencies of integration to silent chromatin in these stains 
are still higher than estimated for completely random integration, they are significantly lower 
than the frequency in the wild type strain. These results suggest that silent chromatin is 
important for Ty5 targeting, and that Ty5 recognizes a component(s) of silent chromatin. 
However, the Sir proteins, whose absence causes a significant decrease in Ty5 targeting, may 
not be the factor that the Ty5 integration complex recognizes. In a sir4-42 yeast strain. 
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silencing factors disassociate from the telomeres and HM loci and are redistributed to the 
rDNA. This redistribution is proposed to be responsible for the prolonged life span of sir4-
42 yeast cells. Using a PCR assay, Zhu et al. found that 26 % of Ty5 integration events 
happen in the rDNA in the sir4-42 mutant background, whereas only 3% of Ty5 insertions 
are in the rDNA in the wild type yeast strain. Zhu et al. confirmed this result by recovering 
15 Ty5 chromosomal insertions in a sir4-42 strain. They found that three of fifteen (20%) of 
the insertions occurred in the rDNA. This result indicates that the factor that the Ty5 
integration complex recognizes is redistributed from the telomeres and HM loci to the rDNA 
in the sir4-42 strain. Interestingly, Zhu et al. also observed that six of the fifteen insertions in 
the sir4-42 strain were near endogenous Tyl or Ty3 elements, which are associated with 
tRNA genes. This finding suggests cross-talk between the Ty element targeting mechanisms 
or that the silencing factor that the Ty5 integration complex recognizes is also redistributed to 
tRNA genes in the sir4-42 background. It is thereby tempting to speculate that silent 
chromatin assembles at tRNA genes in the sir4-42 background and that tRNA genes, as well 
as rDNA, may be related to ageing. 
The above results support a model that the Ty5 integration complex recognizes a 
component of silent chromatin by protein-protein interactions and that such interactions 
cause the target bias for Ty5 integration. This is the working model of this research. 
Dissertation organization 
Chapter n was published in Molecular Cell. The paper presented a Ty5 targeting 
mutant, M3. It described the design of a TyS targeting assay and the identification and 
analysis of the M3 mutant using this assay. It provided the first clue as to which LTR 
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retroelement protein may be involved in directing target site selection. I carried out all of the 
work described in this chapter. Chapter CI is a manuscript prepared tor submission to Cell. In 
this manuscript, we delimit the Ty5 targeting domain, that is the Ty5 protein domain 
responsible for targeted integration. We also provided strong evidence to support that the Ty5 
targeting domain interacts with components of silent chromatin. This interaction, we believe, 
effectively tethers the Ty5 integration complex to silent chromatin. The work in this chapter 
was carried out in part by a beginning graduate student, Weiwu Xie. Weiwu carried out the 
PGR mutagenesis experiments. Chapter IV contains the results of a tethered targeting 
experiment, hi this experiment, I demonstrated that a new silent locus created by tethering 
the Sirlp by a heterologous DNA binding domain was also a hot spot for Ty5 integration. 
Chapter V presents the analyses of two Ty5 mutants that have elevated transposition 
efficiencies. Daniel Rowley, an undergraduate, carried out the experiments that pinpointed 
the mutations in each mutant. Chapter VI is a general discussion of my research. 
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CHAPTER n. A SINGLE AMINO ACID CHANGE IN THE YEAST 
RETROTRANSPOSON TY5 ABOLISHES TARGETING TO SILENT CHROMATIN 
A paper published in Molecular Cell^ 
Xiaowu Gai^, Daniel F. Voytas^ 
Summary 
Many retrotransposons and retroviruses are thought to select integration sites through 
interactions with specific chromosomal proteins. In yeast, the Ty5 retrotransposon integrates 
preferentially within regions bound by silent chromatin, namely the telomeres and the HMR 
and HML mating loci. A Ty5 mutant (M3) was identified with an approximately 20-fold 
decrease in targeted integration as measured by a plasmid-based targeting assay. Of ten 
chromosomal insertions generated by M3, none were located at the telomeres or silent mating 
loci. A single amino acid change at the boundary of integrase and reverse transcriptase is 
responsible for the mutant phenotype and is the first known mutation that affects 
retroelement targeting. We predict that this mutation lies within a targeting domain that 
mediates Ty5 target choice by interacting with a component of silent chromatin. 
1 Reprinted with permission of Molecular Cell (1998), 1: 1051-1055. 
2 Primary researcher and author 
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Introduction 
Retroelements, which include the retroviruses and retrotransposons, insert cDNA. 
copies of themselves into the host genome as part of their replication cycle. The selection of 
integration sites is not random. While a target bias for the retroviruses is not apparent from 
the genomic distribution of insertions, they often show local target preferences and tend to 
integrate into transcriptionally active or DNase I hypersensitive regions (Sandmeyer et al., 
1990). This suggests that integration sites are not determined by a preference for specific 
DNA sequences. Rather, target choice is likely mediated by higher order structural features 
of the target sites (e.g. chromatin) (Curcio and Morse, 1996). 
Target biases are more clear for the retrotransposons, particularly those of 
Saccharomyces cerevisiae. The Ty3 elements preferentially integrate upstream of genes 
transcribed by RNA polymerase III (pol III), usually within 1-2 bases of transcription start 
sites (Chalker and Sandmeyer, 1993; Chalker and Sandmeyer, 1992). The use of in vitro Ty3 
transposition assays has shown that loading of transcription factors TFlllB and TFHIC onto 
tRNA gene promoters is sufficient for targeting (Kirchner et al., 1995). Tyl elements 
typically integrate within a one kb window upstream of genes transcribed by pol ni, and pol 
in transcription is required for Tyl target choice (Devine and Boeke, 1996). The data for 
both Tyl and Ty3, therefore, suggest that targeting occurs as a consequence of interactions 
between a component of the retrotransposon integration complex and a host factor localized 
to sites of pol in transcription. HIV integrase has been found to interact by two-hybrid 
assays with a transcription factor homolog called inil (Kalpana et al., 1994), implying that 
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selection of target sites through interactions with chromosomal proteins may be a general 
feature of retroelemciits. Inil, however, is not known to target HIV integration. 
The yeast Ty5 retrotransposons integrate aknost exclusively into telomeric regions 
and near the silent mating loci HMR and HML (Zou et al., 1996a; Zou et al., 1995). These 
regions are bound in unique chromatin, called silent chromatin, which represses the 
expression of adjacent genes and plays a role in telomere maintenance (Laurenson and Rine, 
1992). A large number of factors make up silent chromatin, including proteins involved in 
DNA replication (ORC), transcription factors (RAPl, ABFl) and silent information 
regulatory proteins (SIR2-SIR4). Mutations in cis-acting sequences that disrupt the assembly 
of silent chromatin at HMR also abolish Ty5 integration to this locus (Zou and Voytas, 
1997). This indicates that silent chromatin directs Ty5 target choice. 
Despite the evidence that retroelements select target sites through interactions with 
chromosome-localized proteins, neither retroelement nor specific host factors required for 
targeted integration have been identified. In contrast to Tyl and Ty3 for which there are 
multiple genomic targets (e.g. 274 tRNA genes), the known Ty5 targets are limited to the 32 
telomeres and the two silent mating loci. To identify Ty5-encoded proteins required for 
targeting, we took advantage of this limited target number to devise an assay that monitors 
the fi-equency of integration to a single plasmid-bome locus. This assay was used to screen 
for TyS mutations that disrupt targeting, and a region near the C-terminus of integrase was 
identified as the determinant of target choice. 
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Results and Discussion 
A gecetic assay to monitor targeted integration by Ty5 
The Ty5 targeting assay uses a yeast strain with a plasmid carrying a hisSAI-marked 
Ty5 element under GALl-lO transcriptional controls (donor plasmid) (Figure 1 A) (Zou et al., 
1996a). Transposition can be induced by growth on galactose, and replication by reverse 
transcription of an mRNA intermediate generates a Ty5 element with functional HISS gene 
due to loss of an inactivating intron (Al). Cells containing transposition events, therefore, 
can be selected by their His^ phenotype. To monitor targeted integration, the yeast strain 
carries a second plasmid (target plasmid) with a copy of HMR and an ADE2 marker gene. 
HMR serves as an effective Ty5 target, because its flanking silencers assemble the protein 
complex recognized by Ty5 (Zou and Voytas, 1997). The targeting assay was designed such 
that plasmid integration events give rise to white His^ colonies, and chromosomal integration 
events give rise to red or red/white sectored His^ colonies. 
The colored phenotype used to discriminate between plasmid and chromosomal 
integration events is based on the presence or absence of the target plasntiid and its ADE2 
marker gene. The parental yeast strain has an ADE2 mutation and is red due to the 
accumulation of precursors in adenine biosynthesis; strains carrying the target plasmid and 
the wild type ADE2 gene are white. After induction of transposition, yeast cells are replica 
plated to media lacking histidine to select for cells with newly transposed TyS elements. 
This media, however, does not select for markers on the original target plasmid. His^ cells 
with TyS insertions on the target plasmid retain this plasmid with its ADE2 marker and 
therefore grow into white colonies. However, His^ cells with TyS inserted into the genome 
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lose the target plasmid rapidly, due to lack of selection and plasmid instability caused by 
CEN/HMR antagonism (Kimmerly and Rine, 1987). These cells form red colonies or 
red/white sectored colonies. The preference for Ty5 to integrate into the target plasmid can 
be simply measured as the ratio of white to total His^ colonies. A change in this ratio reflects 
an altered target specificity (Figure IB). We have confirmed that target plasmids from white 
colonies carry integrated TyS elements, and that they have flanking target site duplications 
indicative of transposition (data not shown). 
A TyS mutation at the border of integrase and reverse transcriptase abolishes targeting 
to silent chromatin 
Using the targeting assay, we screened a total of 3000 randomly mutagenized donor 
plasmids for TyS elements with altered target specificity. One mutant, M3, showed a greater 
than 20-fold decrease in the percentage of white colonies, indicating a 20-fold decrease in 
integration to the target plasmid (Figure IB, see also Table 2). To determine whether 
changes in plasmid targeting reflect changes in chromosomal integration patterns, we 
recovered ten chromosomal insertions. Sequences at the sites of integration were determined 
and mapped onto the genome sequence (http://genome-www.stanford.edu/Saccharomyces). 
We have previously shown that of nineteen independent chr III insertions generated by wild 
type TyS elements, eighteen were clustered at the left telomere or near the E and I 
transcriptional silencers that flank HMR and HML (Zou et al., 1996a). Among the conserved 
cis sequences within the HM silencers and the subtelomeric X repeats is an autonomously 
replicating consensus sequence (ACS). We have used this ACS as a convenient guidepost to 
compare sites of TyS insertion; the eighteen telomeric or HM-localized insertions on chr III 
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were within 1.5 kb of this ACS. Analysis of 15 wild type Ty5 insertions on other 
chromosomes revealed that 14 were telomeric, and 12 of these 14 were within 1.5 kb of the 
X repeat ACS (Zou et al., 1996b). In striking contrast, none of the ten integration events 
generated by M3 were near preferred Ty5 targets (Table 1). Distance to the nearest X repeat 
ranged from 19 to 599 kb. Half of these insertions were within known genes or hypothetical 
coding regions. Only five of 34 previously characterized insertions were in open reading 
frames (Zou et al., 1996a; Zou et al., 1996b). 
No obvious pattern emerged from analysis of the ten M3 insertion sites. In particular, 
none of the insertions were at preferred target sites for the other yeast retrotransposons, 
namely within the upstream regions of genes transcribed by RNA polymerase III. Ty5, 
therefore, appears to integrate randomly when its normal targeting mechanism is disrupted 
and does not employ a default targeting pathway. 
To identify the mutation responsible for altered target specificity, restriction 
fragments from M3 and a wild-type Ty5 element were swapped and chimeric elements 
retested in the targeting assay (Table 2). This analysis localized the mutation to a 2 kb Sphl 
fragment in M3. DNA sequence analysis revealed two base changes within this fragment 
that result in amino acid substitutions: Ser to Asn and Ser to Leu substitutions at positions 
1017 and 1094 in TyS's single open reading frame. The two mutations were separated by 
subcloning, and the resultant constructs were confirmed by DNA sequencing and retested in 
the plasmid targeting assay. The targeting defect was solely due to the Ser to Leu change at 
position 1094, demonstrating that a single amino acid change can completely disrupt Ty5 
target specificity. 
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The organization ofpol differs among retroelements. Integrase is the final pol-
encoded enzyme among the retroviruses and ly'i-gypsy retrotransposons (Figure 2A). For 
the ly\-copia elements (of which Ty5 is an example), integrase precedes reverse 
transcriptase and is released firompol by protease cleavage. Ty\-copia elements often have 
an extensive coding region of largely undefined function between the core domain of 
integrase and reverse transcriptase. For Tyl, this region is a large C-terminal extension of 
integrase, as determined by the mapping of Tyl protease cleavage sites (Moore and 
Garfinkel, 1994) (Figure 2B). This region is not well-conserved among retrotransposons in 
general, and is particularly divergent between Ty5 and Tyl, Ty2 and Ty4 (the latter three 
elements target to or are associated with genes transcribed by RNA pol III). The serine 
mutation in M3 that disrupts targeted integration lies slightly upstream of the Tyl protease 
cleavage site, suggesting that it is within the C-terminus of Ty5 integrase and that the C-
terminus mediates target specificity. A targeting function for integrase is consistent with its 
essential role in integration. Until Ty5 protease cleavage sites are mapped, however, we 
cannot exclude the possibility that the mutation lies within the reverse transcriptase N-
terminus. 
The Serl094 mutation lies within a region that corresponds to the nuclear localization 
signal of Tyl integrase (Kenna et al., 1997; Moore et al., 1997). The C-terminus of HIV 
integrase has also been shown to mediate nuclear localization (Gallay et al., 1997). Although 
the sequence of the Tyl nuclear localization signal is not conserved in Ty5, a link between 
Ty5 integrase nuclear localization and targeting is intriguing, since regions of silent 
chromatin are preferentially associated with the nuclear membrane (Palladino et al., 1993). 
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Ty5 targeting is efficient: 32/34 or 94% of wild type elements integrate near silent 
chromatin (Table 1). This efficiency could be explained if targeting is required for 
integration. However, as shown in Table 2, the Serl094 mutation only causes a 4-foId 
decrease in overall transposition frequency. If targeting were a requirement for integration, 
transposition would be predicted to drop approximately 17-fold (retaining the 6% non-
targeted integration events). This indicates that targeting and integration are genetically 
separable. The efficiency of targeting may be explained if integration complexes are directed 
to silent chromatin before they contact other chromosomal sites. This is consistent with a 
role for the Ty5 targeting domain (the region surrounding the Serl094 mutation) in 
recognizing silent chromatin. We propose that the TyS integration complex enters the 
nucleus and that the targeting domain interacts with a specific protein component of silent 
chromatin. This effectively tethers the integration machinery and allows for the observed 
target specificity. 
Target site biases observed among retroviruses and retrotransposons are thought to be 
the consequence of interactions between the retroelement integration complex and 
chromosome-localized proteins. We have identified the first retroelement-encoded targeting 
domain, and we propose that this region interacts, either directly of indirectly, with a 
component of silent chromatin. The identification of coding regions responsible for targeting 
suggests that retroelement target specificity can now be manipulated. This opens up the 
possibility to engineer retroelements that integrate at specific chromosome sites, which for 
the retroviruses, offers promise for improved vectors for gene therapy. Moreover, 
retroelements could be modified to interact with a variety of DNA-bound proteins and could 
be used to map chromosomal locations of transcription factors or components of chromatin. 
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Experimental Procedures 
Mutagenesis and screens 
The yeast strain used in this study was YNK313 (MATa, GAL4*, trplA63, ura3-52, 
leu2Al, his3A200, lys2-801, ade2-I0l, rad52::trpl), a derivative of YPH499. The target 
plasmid (pXW78) contains a 3.7 kb BamHl fragment with ADE2 from pJK204 (Keeney et 
al., 1995) and a 4,0 kb BamHl-Xhol fragment with the HMR locus from pJA82.6x268 
(Abraham et al., 1984); both were cloned into pRS425 (Sikorski and Hieter, 1989). The 
donor plasmid (pNK254 (Zou et al., 1996a)) was mutagenized by growing for two days in 
the E. coli strain XLl-Red (Stratagene), which carries mutations in multiple DNA repair 
pathways. Mutagenized donor plasmids were transformed into YNK313 with pXW78 and 
independent transformants were screened for Ty5 targeting defects as described in Figure 1 
(see also below). 
Transposition assays 
Transposition frequencies were determined as previously described (Zou et al., 
1996a), with the exception that the induction of transposition on galactose media was carried 
out for 3 days. Targeting was measured by patching yeast cells with the donor and target 
plasmid onto SC-U-L/glucose plates and growing for 2 days at 30°C. Patches were replica 
plated to SC-U-L/galactose media and grown for 3 days at 22°C. In screens for Ty5 mutants. 
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cell patches were replica-plated onto SC-H media with 6 mg/1 adenine to visualize the 
relative number of white or red and red/white sectored colonies. To confirm candidate 
mutants or to quantitate targeting, cells were scraped after growth on galactose, resuspended 
in water and plated onto SC-H media with limited adenine. Colonies were scored for their 
color after growth for 4 days at 30°C. 
Recovery of chromosoinal insertions 
Independent transposition events were generated by the M3 element in strain W303-
lA (MATa ade2-l canl-IOO his3-II leu2-3 trpl-I ura3-l)\ we have previously used this 
strain to evaluate wild type Ty5 target preference (Zou et al., 1996a; Zou et al., 1996b). 
Insertion sites were determined either by inverse PCR as previously described or by plasmid 
rescue. For plasmid rescue, the integration plasmid pSZ274 was linearized with EcoRl and 
used to transform strains carrying Ty5 insertions; pSZ274 carries a fragment of Ty5 integrase 
cloned into pRS306 (Sikorski and Hieter, 1989). Transformants in which plasmid DNAs had 
recombined with chromosomal insertions were selected using the URA3 marker. Genomic 
DNAs were prepared, digested with Sail and Xhol or Spel and Xbal, ligated and transformed 
into E. coli to recover plasmids with either 5' or 3' flanking sequences. DNA sequences at 
the site of M3 insertion were obtained with the universal and reverse primers. 
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Table 1. M3 chromosomal insertions were not in silent chromatin. 
Insertions Chromosome Insertion site (bp) Distance to nearest Inside an ORF? 
X repeat 
1 IV 102,661 101 kb Yes 
2 IV 600,371 599 kb No 
3 vn 1,058,849 24 kb No 
4 DC 75,575 67 kb Yes 
5 X 458,368 296 kb Yes 
6 XI 385,612 279 kb Yes 
7 xn 451,597 449 kb No 
8 xm 904,048 19 kb No 
9 XIV 335,754 328 kb No 
10 XIV 719,363 63 kb Yes 
In>eilion.s in >Llent ln>t"rtion> within 1.5 Inseilions inside an 
chromatin kb ol' X repeat ACS ORF 
Summary of M3 0/10 I/IO 5/10 
insertions: 
Summary of wt 18/19 18/19 1/19 
insertions on chr 
HT; 
Summary of wt 14/15 12/15 4/15 
insertions on other 
chromosomes": 
'Data from Zou et al., 1996a. 
"Data from Zou et al., 1996b. 
Table 2. The targeting defect of M3 was solely due to a Ser-to-Leu change at position 1094. 
Construct a 
Transposition b 
Frequence 
Fold decrease Targeting to b HMR plasmid Fold decrease 
WT w 4.37E-5 1.0 7.94% 1.0 
M3 1.15E-5 3.8 0.35% 22.7 
pXW118 3.43E-5 1.3 7.50% 1.1 
pXW119 1.23E-5 3.6 0.40% 19.9 
D 
pXW138 n 4.27E-5 1.0 6.55% 1.2 
pXW137 H 
L 
1.16E-5 3.8 0.46% 17.3 
a TyS elements are drawn schematically. Arrowheads represent the LTRs; the wild-type element is white and the M3 
element is black. The region swapped in pXWl 18 and pXWl 19 represents the 2.0 kb Sph\ fragment. For pXW138 and 
pXW137, D and L represent the amino acid sequence changes at SerlOl? and Serl094, respectively. 
Values represent the average of results obtained from three independent transformants. 
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Figure Legends 
Figure 1. An assay to monitor transposition to plasmid targets 
(A) Diagram and scheme of the plasmid targeting assay (see also Experimental Procedures). 
In step I, yeast cell patches are grown on synthetic complete glucose media without uracil 
and leucine (SC-U-L/glu) to select for both donor and target plasmids. Transposition is 
induced by replica plating patches to SC-U-L/galactose media. Ty5 transposes into either the 
chromosome or the target plasmid. In step 2, cell patches are replicated to SC-H/glucose 
media. Because replication by reverse transcription generates a functional HISS gene, this 
selects for cells with transposition events. For a cell with Ty5 inserted in the target plasmid, 
selection for the HISS marker retains the target plasmid, and the cell grows into a white 
colony. A cell with a chromosomal Ty5 insertion, however, grows into a red or red/white 
sectored colony due to loss of the target plasmid with its ADE2 marker gene. 
(B) The color phenotype of His^ colonies generated by wild-type and the M3 Ty5 elements. 
Figure 2. The mutation that abolishes targeted transposition lies at the border of Ty5 
integrase and reverse transcriptase 
(A) The organization ofpol in retroelements. The integrases of several retroelements are 
aligned by the conserved D, D -35 E motif of their catalytic core domain, which carries out 
strand scission and rejoining (Katz and Skalka, 1994). Zn marks the integrase zinc finger 
domain, which is likely involved in DNA binding; RT indicates reverse transcriptase. HIV 
(human immunodeficiency virus) and MoMLV (Moloney murine leukemia virus) are 
retroviruses, and the vertical lines marks the boundary between reverse transcriptase and 
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integrase. Gypsy (from D. melanogaster) and Ty3 are Ty3-gypsy retrotransposons, and the 
Ty\-copia group retrotransposons include copia (fromZ). melanogaster), Tntl (from 
tobacco), and Tyl and Ty5. For the Ty\-copia group elements, the vertical line before RT 
marks the first of seven sequence motifs characteristic of all reverse transcriptases (Xiong 
and Eickbush, 1990). The arrow indicates the site of protease cleavage in Tyl. 
(B) Amino acid sequence featiu-es of the integrase-reverse transcriptase boundary for yeast 
Ty retrotransposons. Aligrunents of amino acid sequences of integrase and reverse 
transcriptase were carried out for the four S. cerevisiae Tyl-copia retrotransposons (Tyl, 
Ty2, Ty4, Ty5) using ClustalWl.7 (Thompson et al., 1994). The Tyl protease cleavage site 
is marked by the arrow (Moore and Garfinkel, 1994), and amino acids conserved in at least 
three of the four elements are depicted by shaded boxes. The beginning of the first 
conserved amino acid sequence domain of reverse transcriptase is marked (Xiong and 
Eickbush, 1990). Lines above Tyl amino acid residues indicate sequences important for 
nuclear localization (Kenna et al., 1997; Moore et al., 1997). The Serl094 mutation is 
boxed. 
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ADE2 LEU2 
Target plasmid 
1. Yeast cell patches are 
grown on synthetic complete 
glucose mraia without uracil 
and leucine (SC-U-L/glu) to 
select for both donor and 
target plasmids. 
Transposition is induced by 
replica plating patches to 
SC-U-L/galactose media. 
Ty5 transposes into either 
the chromosome or the 
target plasmid. 
2. Because replication by 
reverse transcription 
generates a functional HIS3 
gene, cell patches are 
replica plated to 
SC/glucose media without 
histldine to select for 
transposition events,. For 
cells with Ty5 inserted in 
the target plasmid, selection 
for the HIS3 marker retains 
the target plasmid, and the 
cell grows into a white 
colony. A cell with a 
chromosomal Ty5 insertion, 
however, grows into a red 
or red/white sectored 
colony, due to loss of the 
target plasmid with its 
ADE2 marker gene. 
Figure 1 Gai & Voytas 
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Figure 2. Gai & Voytas 
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CHAPTER HI. THE Ty5 TARGETING DOMAIN IS SIX AMINO ACIDS IN 
LENGTH AND CAN NUCLEATE THE ASSEMBLY OF SILENT CHROMATIN 
A manuscript to be submitted to Cell 
Xiaowu Gai', Weiwu Xie^ and Daniel F. Voytas^ 
Summary 
We previously isolated a targeting mutant of the yeast retrotransposon Ty5. This mutant, 
called M3, has an amino acid substitution near the C-terminus of Ty5 integrase that abolishes 
targeted integration of Ty5 to silent chromatin. In this study, we delimited the Ty5 targeting 
domain and found that it was only 6 amino acids in length. When tethered to a crippled 
HMR-E silencer, this targeting domain established silencing. When the targeting domain was 
overexpressed, telomeric position effect (TPE) was disrupted, presumably because a 
component of silent chromatin was titrated away. These results strongly suggest an 
interaction between the Ty5 targeting domain and components of silent chromatin, which we 
believe causes TyS's target preference to silent chromatin. 
1 Primary researcher and author. 
2 Graduate student who did the mutant screen and did some site-directed mutagenesis. 
3 Associate Professor and corresponding author. Department of Zoology and Genetics, Iowa 
State University, lA 50011 
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Introduction 
Retroelements, which include the retroviruses and retrotransposons, are a group of 
mobile genetic elements that replicate by a similar mechanism of reverse transcription. For 
both, the element mRNA is reverse transcribed to cDNA, and the cDNA is inserted into the 
host genome. In most cases, the insertion sites selected by retroelements are not random 
(Sandmeyer et al., 1990; Craigie, 1992). Nevertheless, different groups of retroelements 
show different levels of target specificity. Some non-LTR retrotransposons, such as the R2 
elements from Bombyx mori (Luan et al., 1993) and the all and al2 group II introns in S. 
cerevisiae (Kennel et al., 1993), integrate with high specificity into certain DNA sequences. 
In the case of many LTR retrotransposons, integration occurs mostly into specific 
chromosomal regions. The best examples are the five retrotransposon families in S. 
cerevisiae, Tyl-Ty5. Tyl-Ty4 insertions occur mostly within a 1 kb region upstream of pol 
III transcribed genes (Voytas and Boeke, 1993), and Ty5 integrates mainly into the telomeres 
and the silent mating loci (Zou et al., 1994; Zou et al., 1996). Retroviruses do not show 
strong target preference to certain DNA sequences or chromosomal regions. Rather, they 
show local preferences, such as to DNase I hypersensitive sites (Brown and Varmus, 1989), 
Accordingly, the mechanisms of the target specificity may be very different for 
different groups of retrotransposons. The target preference of retroviruses for sites like 
DNase I hypersensitive regions may be simply the result of their easy accessibility. This 
accessibility can be the resuU of compartmentalization, or chromatin structure, or certain 
unique DNA structural features. There may not be specific host factors involved in retroviral 
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target site selection. The target specificity of the non-LTR retrotransposons, like the R2 and 
LINEl elements, is likely caused by the site-specific cleavage of the host DNA by an 
element-encoded endonuclease (Luan ct al., 1993; Feng et al. 1996; Cost and Boeke, 1998). 
This is followed by reverse transcription at the cleavage site using the cleaved DNA as the 
primer. The LTR retrotransposons, which are more closely related to the retroviruses than to 
the non-LTR retrotransposons, have a targeting mechanism apparently more complicated 
than the simple accessibility of the host DNA or site-specific sequence recognition. Although 
the exact mechanism remains unsolved, a protein-protein interaction model is commonly 
accepted. In this model, the integration complex is tethered to target sites by the interaction 
of the integration complex and the host proteins that assemble at these sites. In support of this 
model, studies of Tyl and Ty3 showed that the assembly of the pol III transcription complex 
was required for targeted integration of both Tyl and Ty3 (Chalker and Sandmeyer, 1992; 
Kichner et al., 1995; Devine and Boeke, 1996). Apparently, there are specific host factors 
involved in the target site selection of LTR retrotransposons. 
The yeast LTR retrotransposon Ty5 has a strong preference to integrate near 
telomeres and silent mating loci. Over 90% of Ty5 integration events happen near these loci 
which account for less than I percent of the genome (Zou et al., 1996a; Zou et al 1996b). 
Silent chromatin assembles at both telomeres and the silent mating loci and represses 
transcription. Previous studies have shown that disrupting silent chromatin at the HMR locus 
by deleting two of the three cis-acting elements in the HMR-E silencer also abolishes Ty5 
targeting to HMR (Zou et al., 1997). Sir2p, Sir3p and Sir4p are among the common 
components of silent chromatin shared by the telomeres and the silent mating loci. Deletions 
of genes encoding Sir proteins disrupt the assembly of silent chromatin and also affect Ty5 
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targeting to the telomeres and silent mating-type loci significantly (Zhu, Zou, Wright and 
Voytas, unpublished data). These results indicate that silent chromatin at the telomeres and 
the silent mating-type loci is rccognized by the Ty5 integration complex. 
In our previous study, we were able to identify a Ty5 targeting mutant, which is 
caused by a single amino acid change in the Ty5 polyprotein (Gai and Voytas, 1998). This 
finding supports the protein-protein interaction model described above for LTR 
retrotransposon target specificity. The mutation lies near the C-terminus of integrase and 
suggests that integrase interacts with silent chromatin. In this study, we delimit the Ty5 
targeting domain and provide strong evidence that the interaction of the targeting domain and 
components of silent chromatin is the mechanism underlying Ty5 target specificity. This 
evidence includes our observation that the TyS targeting domain can nucleate silencing at a 
crippled HMR-E silencer by recruiting silencing factors, and that it can titrate silencing 
factors away fi-om telomeres when overexpressed. The implications of our findings and the 
interesting association of many retrotransposons with transcriptionally repressed regions will 
be discussed. 
Results 
Identification of eleven new TyS targeting mutants 
In our previous study, we found that one amino acid change at position 1094 (Ser-
>Leu) in the TyS polyprotein dramatically decreased TyS targeting to silent loci (Gai and 
Voytas, 1998). This indicates that TyS elements play an active role in selecting targets and 
points to the existence of a targeting domain around Serl094. To define this targeting 
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domain, we used a saturation mutagenesis approach: we extensively mutagenized the region 
flanking Serl094 and looked for multiple new targeting mutations. We hoped that the 
locations of these mutations would roughly delimit the boundaries of the targeting domain. A 
758 bp BstEIto PflMIlyS restriction fragment, which includes the codon for Serl094, was 
randomly mutagenized by PCR. The mutagenized firagment was swapped with the 
corresponding firagment of a wild type element to generate a mutant library. Sequencing of a 
few randomly picked mutant elements revealed that there were between 2-8 base pair 
changes in the BstEI-PflmI fragment. Over 2100 mutant elements were screened for targeting 
defects using our plasmid assay as described in our previous study. Eleven elements were 
identified that were impaired in targeting to varying degrees (Table 1). Targeting was 
quantified as the percentage of integration events that occurred at a HMR locus on the target 
plasmid. DNA sequencing of the BstEI-Pflml fragment of these mutants revealed multiple 
amino acid changes in all mutants. The number of amino acid substitutions in each mutant 
ranged from two (mutant ut41 and ut38) to eight (mutant ut46) (Table 1). 
The Ty5 targeting domain is six amino acids in lengtii 
At first glance, the presence of multiple mutations in each mutant suggested a 
difficulty in identifying the mutations that really affect targeting. The analysis of these 
mutation sites, however, revealed that all the mutants had one thing in common; an amino 
acid change within a six amino acid stretch that includes Serl094 (the LDSSPP domain) 
(Tablel). In summary, of the 11 total mutations in this stretch, there were 8 different amino 
acid substitutions that altered four of the six residues. In other words, the mutations were 
limited to four of the six amino acids, and some mutants shared the same amino acid 
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substitutions (e.g. mutant utlS and ut23) (Table 1). In addition, the mutant ut-5 had the exact 
same amino acid substitution as the M3 mutant that we discovered in our previous study. 
These observations suggested that mutations in this LDSSPP domain cause the full or at least 
part of the targeting defect in all the mutants. In support of this suggestion, we also noted that 
mutants with substitutions in the same amino acid share a similar degree of targeting defect 
(e.g. mutant ut38 and ut46). These observations gave us a starting point to pinpoint the exact 
mutations that affect Ty5 targeting in these mutants. 
First, we tested the effect of single substitutions in this LDSSPP domain. To do this, 
seven new Ty5 mutants were constructed by subcloning. Each of the mutant elements had 
one and only one of the amino acid substitutions shown in Table 1. The new mutants and 
their mutations in the LDSSPP domain are listed in Table 2. The Ser to Leu change at 
position 1094, which was shown to significantly decrease target specificity in our previous 
study, was not tested in this study. The seven mutant elements were then tested by our 
plasmid assay to measure the effect of these substitutions on TyS targeting to the HMR locus 
on the target plasmid. In all six cases, the mutant elements displayed targeting defects that 
were nearly indistinguishable from the original mutants, which had the same substitutions in 
the LDSSPP domain and additional substitutions (Table 2, Table 1). We concluded from 
these resuhs that the amino acid changes within the LDSSPP domain were the sole reason for 
the targeting defect in all of the 11 original mutants. 
The number of mutant elements we screened in this study and the average number of 
mutations in each element suggest that our mutagenesis screen of this restriction fragment is 
saturated. This is also supported by the observation that we recovered the Serl094-Leu 
targeting mutation again in this study and that two or more targeting mutations in the same 
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amino acid were identified. The fact that the targeting defects of all of the known Ty5 
targeting mutants were caused by a substitution in the LDSSPP domain led us to hypothesize 
that the Ty5 targeting domain might be as little as six amino acid residues in length. 
Furthermore, it seemed that only four of these six amino acids play an important role in 
targeting. 
To test this hypothesis, additional amino acid changes were made by PCR based site-
directed mutagenesis in and around this six amino acid region. The resultant mutants were 
analyzed by our targeting assay for their targeting phenotype. The results are summarized in 
Table 3. Not surprisingly, mutations flanking this region did not cause any targeting defect. 
Moreover, it is very interesting to note that neither the Asp to Ala substitution at position 
1093 nor the Pro to Ala substitution at position 1096 had any significant effect on target 
specificity. This indicates that neither Asp 1093 nor Pro 1096 is essential in targeting. We 
note that these amino acid changes are rather dramatic changes. On the other hand, in the 
targeting mutant pWW39, the targeting defect was caused by a rather conservative change of 
leucine to valine. These results led us to believe that the Ty5 targeting domain is indeed only 
six amino acids in length and that only four amino acids play an important role in TyS 
targeting. We will refer this LDSSPP domain as the targeting domain or TD firom here on. 
Tethering the TyS targeting domain to a crippled HMR silencer can establish silencing 
The next question we wanted to answer is how the TD targets TyS integration. We 
presented two possible models in our previous paper to explain the targeting mechanism. The 
first model was based mostly on two observations: first, the position of the TD within the 
TyS polyprotein is coincident with the nuclear localization signal of Tyl integrase; second. 
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telomeres are associated together at the nuclear periphery, suggesting the possible existence 
of subcompartments inside the nucleus (Palladino et al., 1993). The TD may target Ty5 
integration by acting as a special nuclear localization signal, thereby guiding the TyS 
integration complex to specific subcompartments in the nucleus where silent chromatin 
resides. Most TyS elements enter these compartments and integrate into the silent chromatin 
because it is the only chromatin present. The second model is the widely held protein-protein 
interaction model. In this model, the TyS TD directs integration by physically interacting 
with components of the silent chromatin. We designed experiments to distinguish among 
these models using a tethered silencing assay. 
The tethered silencing assay was first used by Chien et al. to study silencing 
mechanisms in yeast (Chien et al., 1993). In this assay, a marker gene was placed near an 
HMR-E silencer, which was crippled by deleting two of the three cis-acting elements in the 
silencer (A, E, and B). A marker gene placed near such a crippled HMR-E silencer is 
expressed, and decreased expression of the marker gene will reflect any changes that cause 
the reassembly of silent chromatin. The expression level of an auxotrophic marker gene can 
be easily measured by the growth phenotype on selective media. Using this assay, it was 
shown that silencing can be restored at the crippled HMR-E silencer by tethering to the 
silencer one of the components of silent chromatin, such as Sirlp, Sir3p or Sir4p (Chien et 
al., 1993; Marcand et al., 1996). Tethering is achieved by placing GAL4 binding sites 
(UASg) within the silencer and expressing in the cell a fusion protein generated between the 
GAL4 DNA binding domain (GBD) and one of the Sir proteins. Silencing is reestablished in 
the yeast cells, presumably because the GBD-SIR proteins bind to the UASg and recruit 
other components of silent chromatin through protein-protein interactions. We reasoned that 
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if our Ty5 targeting domain physically interacts with protein components of silent chromatin, 
then tethering the Ty5 targeting domain to a crippled HMR-E silencer should reestablish 
silencing in a manner similar to the tethered Sir proteins. 
We made two constructs to test this possibility: GBD-C-tail and GBD-TD (Figure 1). 
GBD-C-tail encodes a fusion protein between GBD and 256 amino acids of the Ty5 
polyprotein in the region encompassing Serl094. GBD-TD encodes a GBD fusion with a 
stretch of nine TyS amino acids, including the six amino acid residues that comprise the 
targeting domain. Both constructs are under a strong ADHI promoter on a 2 plasmid. 
These constructs were introduced into three strains with crippled HMR-E silencers: YSB2 
(aeB::3xUASg//A//?;.T/J/'/), YSBl (aeB HMR::TRP1) and YSB35 (Aeb::3xUASg 
HMR::TRPI). Both YSB2 and YSB35 carried three UASg sites and the control strain YSBl 
did not carry any. Note that mutations in the cis-acting sequences within the silencer are 
indicated by small letters. A TRPl gene placed at the HMR locus was used to monitor the 
transcriptional status of the locus. The results of the tethering experiments are shown in 
Figure 1. We found that both GBD fusion proteins could establish silencing in strains YSB2 
and YSB35, but not in strain YSBl (Figure 2A). These results suggested that both the 
expression and subsequent binding of these fusion proteins to HMR-E were required for the 
establishment of silencing. Although the GBD-C-tail could establish silencing to a greater 
extent, GBD-TD was sufficient for tethered silencing. This remarkable result has two 
important implications: 1) It supports our mutagenesis data that indicate that the targeting 
domain is only six amino acids long; 2) it strongly suggests that the targeting domain 
interacts physically with protein components of silent chromatin. 
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The protein-protein interaction model predicts that fusion proteins with TD mutations 
that disrupt targeting would not efTectively establish silencing because they would not 
interact with the components of silent chromatin. Two constructs were made to test this 
prediction: GBD-C-tail* and GBD-TD*. These constructs are equivalent to GBD-C-tail and 
GBD-TD with the exception that they carry the Serl094Leu mutation. As we predicted, these 
two constructs failed to establish silencing in both YSB2 and YSB35, as evidenced by levels 
of growth on media lacking tryptophan that are similar to control strains expressing GBD 
alone (Figure 2B). Similar results were observed using another yeast strain YEA76 
(Aeb::3xUASg HMR::URA3) in which the TRPI marker gene was replaced with a URA3 
gene (Figure 2C). The expression of the URA3 gene enables yeast cells to grow on media 
lacking uracil but not on media with 5-Fluoroorotic Acid (5-FOA) which is converted into a 
toxic material by the product of URA3 gene (Boeke et al., 1987). The silencing status of the 
HMR silencer in strain YEA76 can therefore be measured in two ways: growth on media 
lacking uracil and growth on media with 5-FOA. In this experiment, GBD-TD and GBD-
TD* were moved onto a plasmid vector with a TRPI marker gene so that they could be tested 
in strain YEA76. As in the strains YSB2 and YSB35, GBD-TD restored the silencing at the 
crippled HMR silencer as evidenced by both the lack of yeast cell growth on media lacking 
uracil and much better cell growth on media with 5-FOA. On the other hand, yeast cells 
expressing the GBD-TD* construct showed growth on media lacking uracil and little growth 
on media with 5-FOA similar to the yeast cells expressing the GBD alone. In other words, 
the GBD-TD* construct could not enhance the silencing status of the crippled HMR silencer. 
We performed a western blot analysis to rule out the possibility that the GBD-TD* 
and GBD-C-tail* could not establish tethered silencing because they are not expressed or are 
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not stable in yeast cells. Total proteins of YSB2 yeast cells expressing the GBD alone, the 
GBD-TD, GBD-TD*, GBD-C-tail and GBD-C-tail* fusion proteins were prepared ana 
probed with anti-GBD antibody (Figure 3). A strong band of the expected size was seen in 
each lane. This indicates that all proteins were expressed and stable in the yeast cells. The 
bands in lanes GBD-TD and GBD-TD* had similar intensities, as did the bands in lanes 
GBD-C-tail and GBD-C-tail*, suggesting that the mutant constructs and the wild type 
constructs were expressed at comparable levels. We concluded, therefore, that the inability of 
GBD-TD* and GBD-C-tail* to establish silencing was indeed caused by the Ser-Leu 
mutation rather than protein instability or decreased protein levels. 
Overexpression of the Ty5 targeting domain disrupts telomeric position effect 
Andrulis et al. recently found that by tethering a nuclear membrane protein to a 
crippled HMR-E silencer, silencing could be restored (Andrulis et al., 1998). The mechanism 
proposed for this was that the fusion protein brought the HMR locus near the nuclear 
periphery, where the concentration of silent components is higher. Their results point out 
another possible explanation of how the Ty5 targeting domain establishes silencing at the 
crippled HMR silencer. The GBD-C-tail and GBD-TD fusion proteins may be membrane 
proteins. These fusion proteins may not interact with silencing factors at all, and the tethered 
silencing is caused by them bringing the HMR silencer to the nuclear periphery rather than by 
them recruiting other silent chromatin components to the HMR silencer through protein-
protein interactions. 
To test this possibility, we did an overexpression experiment. Transcriptional 
silencing in yeast has been shown to be very sensitive to the stoichoimetry of components of 
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silent chromatin. Transcriptional silencing can be disrupted by overexpressing some of these 
components, such as Sir4p (Ivy et al., 1986; Marshall et al., 1987). Overexpression of such 
factors likely titrates other silent chromatin components away from the telomeres by protein-
protein interactions. If our model is correct, overexpression of the Ty5 TD would disrupt 
telomere position effect by titrating away the silencing factors with which it interacts. If, 
however, these fusion proteins are simply membrane proteins, overexpression should not 
affect telomeric position effect. The yeast strain UCC3505 {adh4\:URA3-TEL-WliL VR-
ADE2-1EL) (Gottschling et al., 1990), which has AD£2 and URA3 marker genes integrated 
at separate telomeres, was used in this overexpression experiment. Loss of telomeric 
silencing increases the expression of these marker genes and can be measured by the growth 
of yeast cells on selective media and by the color of the yeast colonies. GBD-TD, GBD-TD* 
and control GBD constructs were introduced into UCC3505. All three constructs were on a 
high copy plasmid with a 2-micron origin of replication, and the fusion proteins were 
expressed from a strong ADHl promoter. The results of the overexpression experiment are 
shown in Figure 4. Expression of the GBD-TD fusion protein relieved the silencing of the 
URAi marker gene at the TEL VUL (Figure 4A). This was evidenced by the increased 
growth of yeast cells on SC-Ura media that expressed the GBD-TD fusion protein relative to 
the control yeast cells that expressed the GBD protein alone. As expected, the overexpression 
of the GBD-TD* fusion protein did not cause any increased cell growth on media lacking 
uracil. Increased expression of the ADE2 marker gene at the TEL VR also demonstrated the 
disruption of telomeric position effect by the overexpression of Ty5 targeting domain. As 
shown in Figure 4B, yeast cells expressing the GBD-TD fusion protein have a white 
phenotype, whereas yeast cells expressing either GBD or GBD-TD* have a pink phenotype. 
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This is because the loss of ADE2 expression causes a pink phenotype due to the 
accumulation of precursors in adenine biosynthesis. The results of this overexpression 
experiment support our model that the Ty5 targeting domain physically interacts with 
components of silent chromatin. We want to point out, however, this experiment does not 
rule out another slightly different explanation for our results: the GBD-C-tail and GBD-TD 
jflision proteins may interact with some membrane proteins that are the docking sites of the 
telomeres at the nuclear membrane and important for the telomeric position effect. In the 
tethered silencing experiments, the fusion proteins establish silencing at HMR locus by 
bringing the HMR locus to nuclear periphery rather than recruiting other silencing factors. In 
the overexpression experiment, the fusion proteins saturate these docking sites instead of 
titrating away silencing factors. We will try to address this question in the future. 
Discussion 
The small size of the TyS targeting domain is surprising 
We are surprised by our finding that the TyS targeting domain is only 6 amino acids 
long. The mutagenesis experiments revealed that this LDSSPP domain was important for 
targeting. Both the tethered silencing and the overexpression experiments suggested that this 
domain is sufficient for targeting, although the final evidence will have to come from an 
experiment that involves moving the TyS targeting domain to a new element to see if the 
hybrid element will target like TyS. We compared integrases of many retroelements and 
noticed that the retroelements with strong target specificity normally have long integrase C-
termini. The Ty 1 integrase C-terminus, for example, is over 400 amino acids long. Ty3 
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integrase is also much longer than HIV integrase. The multiple alignment of Ty5 and other 
closely related retroelements suggests that the Ty5 integrase C-terminus is also very long. 
We previously speculated that the long C-terminus of Ty5 integrase and retrotransposons 
such as Tyl might be responsible for targeted integration. It is, therefore, surprising for us to 
find out that the Ty5 targeting domain is only 6 amino acids in length. This finding raises 
another question: what is the function of the TyS's long integrase C-terminus? We did notice 
that the GBD-C-tail construct (256 aa) establishes tethered silencing better than the GBD-TD 
construct (9 aa). This indicates that we can not totally exclude the possibility that another part 
of the integrase C-terminus plays a minor role in targeting. 
Our findings argue that the Ty5 targeting domain strongly interacts with components 
of silent chromatin. However, the question remains regarding how this 6 amino acid domain 
interacts with silencing factors. The observation that 2 of the 6 amino acids were not 
important for targeting is also surprising. We thought that to have a strong protein-protein 
interaction, these 6 amino acids would have to assume a very special structure, and amino 
acids like Pro and Asp would be important in forming this structure. However, D1092 and 
PI095 mutations did not affect targeting significantly. Yet a rather conservative substitution 
of Leu to Val at position 1092 affected targeting significantly. A closer look at the structure 
of the targeting domain will be necessary in the future to understand the interaction of this 
domain with silent chromatin. 
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The interaction between tiie Ty5 targeting domain and iiost factors may not be tiie 
wiiole story behind Ty5 targeting 
Targeted imegration may not simply be the result of protein-protein interactions 
between the targeting domain and chromatin factors. More events are likely involved. 
Previous studies pointed out that silent chromatin makes the DNA inaccessible to proteins 
like the HO endonuclease, restriction enzymes and other transcription factors (Laurenson and 
Rine, 1992). In order for Ty5 to integrate into such highly packed chromatin, Ty5 integrase 
has to gain access to the DNA, cut the DNA and ligate its own DNA into the cut site. This 
suggests that the interaction of the Ty5 integrase with components of silent chromatin not 
only effectively tethers the Ty5 integration complex but also induces changes to the silent 
chromatin in such way that the DNA can be accessed by the Ty5 integration complex. 
Targeting and inhibition of transposition 
Regulation of retrotransposons is important for the host to minimize the deleterious 
effects of transposition. The regulation can be at different levels, such as transcriptional, 
translational and post-translational. Ke et al previously showed that TyS elements are 
normally silenced when integrated into silent chromatin. It is only during mating that 
transcription is induced (Ke et al., 1997). This indicates that yeast cells minimize the 
potential damage of TyS transposition by regulating TyS transcription. Because yeast cells 
become diploid after mating, they are presumably more tolerant to retrotransposon insertions. 
We noticed in our study that the overall His+ frequencies of targeting mutants like M3, 
whose target specificity is completely abolished, are only down by less than 4 fold. This 
suggests that the overall frequency of these mutants is also down less than 4 fold. TyS 
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targeting is highly specific; about 94 percent of Ty5 integration events occur within silent 
chromatin. The overall transposition frequencies of these mutants should be down by about 
16 fold if the targeting mutations simply block all the targeted integration events. This 
suggests that the binding of silencing factors to the TyS targeting domain not only targets 
Ty5 integration to silent loci but also inhibits TyS integration to non-silent loci where the 
coding regions are more abundant. Targeting, therefore, is another way that yeast cells use to 
regulate TyS transposition to avoid potential deleterious effects. 
The TyS targeting domain as a silencing recruiter 
Silent chromatin is very complex. A large number of proteins are involved in the 
assembly and maintenance of silent chromatin. These include proteins that regulate the 
expression of silent factors and enzymes that modify the silent factors. The proteins that 
actually assemble at silent loci can be roughly divided into two groups; proteins such as 
Sir3p and Sir4p that are thought to be structural proteins, and proteins like SirIp, RapIp and 
ORC that are thought to bind to the silent regions first and to recruit structural proteins. 
Tethering these silencing recruiters to a crippled HMR-E silencer can establish relatively 
strong silencing (Chien et al., 1993; Buck and Shore, 199S). On the other hand, when 
structural proteins like Sir3p and Sir4p are tethered, silencing is relatively weak (Marcand et 
al., 1996). Our findings indicate that the TyS targeting domain is as good at nucleating 
silencing as other silencing recruiters. The TyS targeting domain may prove to be a very 
useful tool for studying silent chromatin assembly. 
In aged cells, TyS integrates preferentially into the rDNA (Zhu et al, unpublished 
data), which are proposed to be the AGE locus. When cells age, silent factors redistribute 
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from the telomeres and silent mating loci to the rDNA, and this redistribution is hypothesized 
to be related to ageing (Kermedy et al., 1997). We hypothesize that the host factor that 
interacts with the TyS targeting domain is also relocated to the rDNA and potentially to other 
loci that are related to ageing. The TyS targeting domain, therefore, may also be useful in 
identifying other potential age loci. 
Altering retroelement target specificity 
The identification of a retroelement targeting domain has profound implications: it 
suggests that the target specificity of retroelements can be manipulated. For example, the 
target specificity of a retroelement could be changed by swapping the targeting domain with 
another retroelement or by adding a new domain that interacts with a chromosomal protein. 
The tiny size of the TyS targeting domain implies that such manipulation should be relatively 
easy. Retroviral vectors are the most widely used vectors in human gene therapy, and 
uncontrolled random insertions into the host genome are the major drawback of the use of 
such vectors. We think that our findings will contribute significantly to the development of 
improved human gene therapy vectors. Furthermore, an engineered element that recognizes a 
special chromosomal protein, such as a transcription factor, may become a valuable tool in 
identifying the sites of action for such proteins. 
The relationship between retrotransposons and silent chromatin 
Heterochromatin was first described through cytological analyses as highly 
condensed chromosomal regions (Heitz, 1928). One major feature of heterochromatin is that 
59 
transcription is repressed. In Drosophila, changes in transcriptional states of genes, called 
position effect variegation (PEV) is caused by the relocation of a gene near heterochromatin 
(Eissenberg et al., 1995). Transcriptionally repressed regions have been identified in many 
organisms. Examples include the telomeres and silent mating loci in S. cerevisiae (Laurenson 
and Rine, 1992), the highly methylated intergenic regions in plants (Bennetzen et al., 1994) 
and the centromeres of the fission yeast S. pombe (Allshire et al., 1994). In this discussion, 
these transcriptionally repressed regions are all referred to as silent chromatin. 
In the past few years, a remarkable relationship has emerged between 
retrotransposons and silent chromatin. The integration sites of retrotransposons are often 
coincident with silent chromatin. The sequencing of a 200 kb maize genome fragment 
revealed that the highly methylated intergenic regions are packed with many families of 
retrotransposons (SanMiguel et al. 1996). In Drosophila, the HeT-A elements integrate 
exclusively at chromosomal ends, which have the cytological characteristics of 
heterochromatin (Biessmann et al., 1990;Biessmann et al., 1992; Levis et al., 1993; Sheen 
and Levis, 1994; Danilevskaya et al., 1998). Similarly, the non-LTR retrotransposons TRASl 
and SARTl also cluster in the telomeres of the silkworm Bombyx mori (Takahashi et al., 
1997). In S. cerevisiae, Ty5 is not the only retrotransposon associated with silent chromatin. 
The rDNA was recently found to be transcriptionally repressed (Bryk et al., 1997; Smith and 
Boeke, 1997), and the 5S rDNA is known to be a favorite target of retrotransposons Tyl-
Ty4. In fact, tRNA genes, which are favorite targets of Tyl-Ty4, also repress the 
transcription of nearby pol II genes (Hull et al., 1994), In a sense, these tRNA genes are like 
silent chromatin. It has been suggested that retrotransposons have evolved mechanisms to 
avoid integration events that are harmful to the host, because they have to live with the 
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consequence of such events, whereas the retroviruses could survive harmful insertions since 
they can move on to another cell or organism. Silent chromatin apparently qualifies as safe 
landing pads in which coding sequences are rare or duplicated. This may be why we see an 
association of retrotransposons with silent chromatin/heterochromatin. 
Silent chromatin or the components of silent chromatin also affect retrotransposon 
integration. We have mentioned before that Ty5 transcription is silenced in silent chromatin 
and is induced when yeast cells mate. Evidence has emerged recently that supports a general 
regulatory role for silent chromatin in retrotransposition. Ku proteins are known to be 
involved in telomeric silencing, telomere maintenance and double strand break repair 
(Boulton and Jackson, 1996). Recent studies showed that Ku proteins also affect Ty 
transposition (Down and Jackson, personal communication) and retroviral integration (Daniel 
et al., 1999). The chromatin assembly factor I (CAFI) is important for telomeric silencing. 
Liebman and co-workers have shown that CAFI regulates not only the overall transposition 
efficiency but also the target site distribution of Tyl retrotransposons (Huang et al., 1999; 
Qian et al., 1998). 
Increasing evidence has suggested an important role for retrotransposons in shaping 
genomic organization. The most recent evidence includes the remarkable results from the 
Kazazian lab that indicate the possible roles of LI retrotransposons in exon shuffling and the 
evolution of the mouse genome (Moran et al., 1999; DeBerardinis et al., 1998). A survey of 
all Ty elements in S. cerevisiae points to an involvement of Ty elements in shaping the host 
genome because of their clustering in silent chromatin and near tRNA genes (Kim et al., 
1998). It appears that retrotransposons were also involved in the evolution of silent chromatin 
and play a role in silent chromatin. The LTR of the gypsy element of Drosophila has long 
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been known to serve as a boundary of heterochromatin. The binding of the host protein 
suppresser of Hairy-wing su(Hw) to gypsy LTRs prevents the spread of heterochromatin 
beyond the LTR (Schedl and Grosveld, 1995). A recent study by Donze et al showed that a 
Tyl LTR functions similarly at HMR to prevent the spread of silent chromatin (Donze et al., 
1999). Presting et al. showed that the centromeric regions of cereal chromosomes consist of 
highly conserved retrotransposons, suggesting that retrotransposons may play a role in 
centromere function (Presting et al., 1998). In Drosophila, the HeT-A elements indeed 
function as telomeres, which have the characteristics of heterochromatin (Biessmann et al., 
1990; Levis et al., 1993). Lingner et al found that the catalytic subunit of yeast telomerase 
shares the same motif as other reverse transcriptases (Lingner et al., 1997). It has been 
speculated that telomerase evolved from a telomeric retrotransposon (Eickbush, 1997). In 
other words, the enzyme that synthesizes the DNA at silent telomeric regions might have 
evolved from a retrotransposon. 
The above examples suggest that retrotransposons and host heterochromatin have 
coevolved. In one possible scenario, the retroelements evolved to insert into silent chromatin 
in order to survive. In turn, the host adopted these elements for the further evolution of silent 
chromatin. In another possible scenario, there was no silent chromatin/heterochromatin early 
in evolution. The clustering of retrotransposons at certain sites provided the template from 
which silent chromatin has evolved. 
Obviously, the relationship between heterochromatin and retrotransposons is a huge 
puzzle with many questions to be answered. Nevertheless, targeted integration is certainly the 
central piece of this puzzle. A clear imderstanding of the exact mechanisms of targeted 
integration will no doubt help us to answer these questions. The yeast Ty5 retrotransposon 
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serves as a great model system to study these mechanisms and the relationship between 
element and host. Given the fact that silencing is implicated in many important cell functions, 
including aging, Ty5 elements will also likely offer important insight into heierochromatin 
assembly. 
Experimental procedures 
Targeting assay 
The plasmid-based targeting assay was described in detail in our previous study (Gai 
and Voytas, 1998). 
PCR-based random mutagenesis 
The Ty5 PjlMI-BspEI fragment was randomly mutagenized by PGR amplification. 
The template was plasmid (pXW27), which contains this fragment. Universal and reverse 
primers were used for the PGR reactions. Two PGR methods were used to generate the 
random mutations. In the first method, we used a triphosphate nucleoside analogue dPTP in 
the PGR reaction (Zaccolo et al., 1996). In a 20 )il reaction mix, we added S ng template 
DNA, 2.5 units of Taq, 2 ^1 lOx buffer, 0.5 ^il of each primer (20mM), 1.6 |il of 25mM 
MgCb, 4 (il of dNTP (2.5 mM each) and 2.5 |il of dPTP (400uM). The PGR reaction was 
carried out for 5 cycles at 92°G for I minute, 50°G for 1.5 minutes and ll^C for 5 minutes. 
0.5 nl of PGR product was then used for PGR amplification without dPTP. In the second 
method, Mn"^ and a bias of dNTPs were used in the PGR reaction (Shafikhani et al., 1997). 
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In a 50 fil reaction mix, we added 5 ng template DNA, 2.5 units Taq, 5 |il lOx buffer, 0.5 |il 
of each primers (20 mM), 14 ^1 of 25mM MgCh, 0.75 p.1 of lOmM MnCl^, 4 |il of dNTP 
(2.5 mM each), 4 (al of dCTP (10 mM) and 4 |il of dTTP (10 mM). The PGR reaction was 
carried out for 13 cycles at 94°C for 30 seconds, 50°C for 45 seconds and 72 °C for 3 
minutes. 0.5 (il of PGR product was then used for PGR amplification without Mn^* and a bias 
of dNTPs. The PflMI-BspEI fragment of the PGR product was then used to replace the same 
fragment in the wild type Ty5 construct to make a mutant Ty5 library. 
PGR based site-directed mutagenesis 
The reverse primer and a mutagenesis primer were used to amplify a 3.1 kb fragment 
from the Ty5 plasmid, pNK254. The fragment was digested with EcoRI and the EcoRI 
fragment was cloned into the EcoRI site of pWW37. pWW37 is a plasmid that contains the 
Hpal-SacI fragment of Ty5. The BspEI-PJlMI fragment of the resulting clone was then used 
to replace the same fragment in pNK254. The mutagenesis primers used are as following: 
DV0754 for mutant pWW39: 5'-
GGAATTGAATGGAATGTGGTGGATGGGTGGATTGATC, DV0755 for mutant pWW40: 
5'-GGAATTGAATGGAATGTGGTGCATGGTTGGGTTGATGGGC, DV0756 for mutant 
pWW41:5'GGAATTGAATGGAATCTGGTGGATGGTTGGATTCA-
TGGGGTGGAAATAG, DV0757 for mutant pWW42: 5'-GGAATTGAATGGAATGTCG-
TCGATGGTTGGATTCATGGGGTGGAGGTACGTGATTT, DV0631 for mutant pXW 198: 
5'GGAATTCAATGGAA(T/G)GTGCTGGA(T/G)GGTTGGAT, DV0632 for mutants 
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pXW199, pXW200 and pXW20l: 
5'GGAATTCAATCGAATCT(C/G)CT(C/G)CATCGTTG, DV0634 for mutant pXW202: 
5'GGAATTCGGTCGAATCTCCTCCATCGTTGGATTCATCGCCTCCAAAT(A/G)CC(T/ 
G)CATTTAAC 
Other TyS constructs 
Mutant constructs rut-3, rut-15, rut-31, rut-38, rut-41, rut-46 were constructed by 
replacing an EcoRI-PflMI fragment of the wild type construct, pNK254, with the same 
fragment of the original mutants ut-3, ut-I5, ut-31, ut-38, ut-41 and ut-46. This was done by 
a two step cloning: first, a EcoRI-EcoRI fragment of the original mutants was cloned in to the 
EcoRI site of plasmid pWW37; this plasmid contains the HpaJ-Sacl fragment of TyS. The 
BspEI-PJlMI fragment of the resulting plasmids was then used to replace the same fragment 
ofpNK254. 
Tethered silencing and overexpression experiments 
An overnight culture of each strain was grown to saturation. Each culture was 10-fold 
serially diluted. 10 )il of each dilution was then spotted onto the control media and the 
selection media. The plates were left at 30°C for two days before observation. 
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Table 1. Summary of eleven new TyS targeting mutants. 
Element name Target specificity to Number of Amino acid sequence in 
HMR plasmid mutations LDSSPP domain 
WUdType 7.9% 0 LDSSPP 
ut-3 1.3% 4 SDSSPP 
ut-5 0.9% 5 LDLSPP 
ut-15 1.4% 4 LDSSPL 
ut-23 2.5% 5 LDSSPL 
ut-29 1.4% 5 VDSSPP 
ut-31 1.8% 6 LDSSPQ 
ut-33 2.1% 4 LDSSPQ 
ut-3 5 0% 7 LDPSPP 
ut-38 1.1% 2 LDSLPP 
ut-41 0.2% 2 LDPSPP 
ut-46 0.7% 8 LDSPPP 
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Table 2. Targeting mutations are limited to a stretch of 6 amino acids. 
Construct Amino acid sequence around Targeting to HMR 
LDSSPP domain plasmid 
WT SPPSLDSSPPNTS 7.9% 
Part A: 
rut-3 SPPSSDSSPPNTS 0.7% 
rut-15 SPPSLDSSPLNTS 3.0% 
rut-31 SPPSLDSSPQNTS 2.0% 
rut-3 8 SPPSLDSLPPNTS 1.1% 
rut-41 SPPSLDPSPPNTS 0.7% 
rut-46 SPPSLDSPPPNTS 0.6% 
pWW39 SPPSVDSSPPNTS 2.0% 
PartB: 
pXW198 APPALDSSPPNTS 8.6% 
pXW199 SAPSLDSSPPNTS 8.0% 
pXW200 SPASLDSSPPNTS 8.6% 
pXW201 SAASLDSSPPNTS 8.2% 
pXW202 SPPSLDSSPPNAA 7.9% 
pWW42 SPPSLDSSPPATS 8.0% 
pWW40 SPPSLASSPPNTS 7.0% 
pWW41 SPPSLDSSPANTS 5.9% 
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Figure legends: 
Figure 1. The protein constructs used in this study. The Ty5 polyprotein is represented by a 
long open box. The LDSSPP domain in the polyprotein is represented by a thick black line. 
The arrows point to Serl094. The Gal4 DNA-binding domain (GBD) is shown as a darkly 
shaded box and the Ty5 integrase C- tail is indicated as a dotted box. The • indicates the Ser-
Leu substitution. 
Figure 2. Tethering GBD-C-tail and GBD-TD, but not GBD-C-tail* and GBD-TD*, to a 
crippled HMR-E silencer can establish silencing. A and B. Yeast strains (as indicated) that 
express one of the protein constructs (as indicated) were 10-fold serially diluted and spotted 
onto SC-Ura (control media) and SC-Ura-Trp (selection media). Lack of growth on SC-Ura-
Trp media indicates that the TRPl marker gene is silenced. C. Strain YEA76 expressing 
GBD, GBD-TD or GBD-TD* was either serially diluted and spotted on SC-Trp (control 
media) and Sc-Ura-Trp (selection media) or streaked on 5-FOA media. Lack of growth on 
SC-Ura-Trp and growth on 5-FOA media indicate silencing of the URA3 marker gene. 
Figure 3. Western blot using anti-GBD antibodies against total proteins from strain YSB2 
expressing different constructs. Lane 1, GBD; Lane 2, GBD-C-tail; Lane 3, GBD-C-tail*; 
Lane4, GBD-TD; LaneS, GBD-TD*. 
Figure 4. Overexpression of the targeting domain disrupts telomeric silencing. Strain 
UCC3505 expressing GBD, GBD-TD or GBD-TD* was either serially diluted and spotted 
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onto SC-Trp (control media) or SC-Trp-Ura (selection media) or streaked on SC-Trp media. 
The varied levels of growth on SC-Trp-Ura represent different transcriptional states of the 
URA3 marker gene. The cell color on SC-Trp media is indicative of the transcriptional status 
o(ADE2 marker. 
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CHAPTER IV. TETHERING Sirlp TO A PLASMID CREATES A NEW HOT-
SPOT FOR Ty5 INTEGRATION 
Summary 
The Sirl protein recruits components of silent chromatin to the silent mating 
type loci. We tethered Sirlp to a plasmid as part of a GAL4 fusion protein. We found 
that TyS integrates to a plasmid containing the tethered Sirlp approximately 10 fold 
more frequently than to a control plasmid. These experiments support our model that 
TyS recognizes protein components of silent chromatin. 
In the previous chapter, I described the identification of the TyS targeting domain and 
provided strong evidence for the interaction between components of silent chromatin and the 
TyS targeting domain. These data support our protein-protein interaction hypothesis for TyS 
target specificity. The resuhs of two other studies in our laboratory are also consistent with 
the hypothesis. Zou et al. showed that deletions in the HMR-E silencer, which disrupt 
silencing at the HMR locus, dramatically decrease the fi-equency of TyS targeting to HMR 
(Zou et al, 1997). Zhu, Zou, Wright and Voytas showed that the disruption of silent 
chromatin by deletions of SIR genes also significantly decreases TyS target specificity to 
telomeres and HM loci. These loss-of-function experiments, however, leave one question 
unanswered: is the binding of silencing factors at a locus, in particular the factors that interact 
with the TyS targeting domain, sufficient for targeting? Trying to answer this question, we 
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did a targeting gain-of-function experiment. We want to test whether we can create a new 
Ty5 integration hot-spot by creating a new silent locus. 
We tried to create such a silent locus by tethering Sirlp to a plasmid. As we pointed 
out in the previous chapters, tethering Sirlp has been shown to effectively establish silencing 
at a crippled HMR silencer by recruiting other components of silent chromatin (Chien et al., 
1993). We reasoned that if we tethered Sirlp to a new locus, we may be able to create a new 
silent locus or at least cause the assembly of components of silent chromatin at this locus. We 
could then test whether this locus becomes a new hot-spot for Ty5 integration. We do not 
think that Sirlp per se is the silencing factor that interacts with the TyS targeting domain. 
Rather, we believe Sirlp may recruit that interacting factor. 
A neoAl marked TyS element was constructed and used in this experiment instead of 
our standard marked element. Like the Ty5-/j/jiy4/construct described by Zou et al. 
(Zou et al., 1996), the TyS-neoAI construct carries a marker gene {neo) that is inactivated by 
an artificial intron (At). The Al is oriented in the same direction as TyS transcription but in 
the opposite direction of neo transcription. The construct is designed this way so that the Al 
can only be spliced out from the TyS transcript but not the neo transcript. A functional neo 
gene can arise only after a cDNA is reverse transcribed from the TyS transcript and inserted 
into the host genome. In other words, transposition of such a TyS element will result in a 
functional neo gene. The neo marker gene is used in this experiment because it can confer to 
yeast cells G418 resistance and to E. coli cells kanamycin resistance. This is essential for the 
assay described below. 
The assay we used in this experiment is shown in Figure 1. Tethering Sirlp to a 
plasmid is done by expressing a GBD-Sirlp, a fusion protein of Gal4p DNA-binding domain 
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Figure 1. An assay to monitor tethered targeting. 
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and Sirlp, and placing 9 copies of UASg (the binding sites of GBD) on a target plasmid. 
During this assay, Ty5 transposition is first induced and the yeast cells with new Ty5 
transposition events are selected by their G418 resistance phenotype. Such transposition 
events can occur on the chromosomes or on the target plasmid. Total DNA is prepared fi-om 
these 0418 resistant cells and used to transform E. coli cells. We then select the E. coli cells 
on chloramphenicol media or chloramphenicol and kanamycin media. The target plasmid 
used in this assay carries both a yeast origin of replication and an E. coli origin of replication. 
It also carries a chloramphenicol resistance marker gene. E. coli cells that are resistant to 
chloramphenicol are those that have been transformed by a copy of the target plasmid. E.coli 
cells that are resistant to both chloramphenicol and kanamycin are those that have been 
transformed by a target plasmid that has a Ty5 insertion. Therefore, the relative frequency of 
TyS integration to the target plasmid can be measured by the ratio of chloramphenicol 
resistant E. coli colonies and chloramphenicol/kanamycin doubly resistant E. coli colonies. 
A plasmid that does not have the UASg sites was used as the control. The result of 
this experiment is summarized in Table 1. The relative TyS integration frequency to the 
target plasmid is about 10 fold higher than to the control plasmid. This result suggested that 
Table 1. Tethered Sirlp targets TyS integration. 
TyS transposition frequency to target plasmid 0.24S% ± 0.092% 
TyS transposition frequency to control plasmid 0.020% ± 0.014% 
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the target plasmid was indeed a new hot-spot for TyS integration. On the target plasmid, an 
ADE2 marker gene is located about 1.7 kb away from the UASg sites. The transcription of 
the ADE2 gene can be monitored by the color of the yeast cells. We did not observe any 
significant change in the color of yeast cells when Sirip was tethered to the target plasmid. In 
other words, we did not observe any significant change in the transcription of the ADE2 
gene. Therefore, we could not conclude that chromatin was present on the target plasmid 
capable of transcriptional silencing. However, our targeting result suggests that some 
components of silent chromatin accumulated on the plasmid. In particular, we believe that 
the silencing factor that interacts with TyS targeting domain is recruited to the target plasmid 
by Sirlp. 
We are very encouraged by this result. First, it indicates that TyS integration can be 
redirected to a new locus. Second, it strongly supports our protein-protein interaction model. 
As we discussed earlier, the redirection of TyS integration may only need the localization of 
the bone fide factor that interacts with the TyS targeting domain to the target plasmid, rather 
than the complete assembly of silent chromatin. This idea is also supported by the 
observations made by Zhu et al. that showed decreased but still significant targeting to the 
telomeres when the SIR genes were deleted (Zhu et al., unpublished data). The bone fide 
interacting factor apparently is still present at telomeres and HM loci, probably at a lower 
concentration when silent chromatin does not exist at these loci because of the absence of the 
Sir proteins. In other words, these results argue strongly that TyS targets to silent loci by 
recognizing specific components of silent chromatin rather than a general chromatin 
structure. 
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CHAPTER V. TWO Ty5 MUTATIONS THAT INCREASE TRANSPOSITION 
FREQUENCY 
Summary 
Two independent TyS mutations were identified that eacii cause an 
approximately six fold increase in transposition. Wiien combined, the effect of these 
mutations is synergistic, and transposition increases approximately 36 fold. Both 
mutations lie within the gag gene. One is within the RNA binding domain and may 
affect RNA packaging. The other is not within a conserved domain and may affect the 
assembly of the virus-like particle that forms during retrotransposition. 
TyS transposition frequency is very low. The endogenous TyS element transposes at a 
frequency of about 1 in every 10^ yeast cells. Even when TyS transcription is induced over 
1000 fold by replacing the endogenous TyS promoter with a GAL4 promoter and by growing 
yeast cells on galactose media, TyS transposition frequency is still lower than 1X10"*. This is 
about 100-1000 fold less than observed for the Tyl elements. There are several possible 
explanations for the low transposition frequency: first, the TyS element used in our studies, 
TyS-6, was isolated from a close relative of S. cerevisiae, S. paradoxus. We have been 
studying TyS in S. cerevisiae instead of S. paradoxus because of the genetic tools available in 
S. cerevisiae. The difference in the genetic background of the two species may account for 
the low transposition frequency; second, the TyS-6 element may carry a mutation; third, TyS 
transposition may be repressed by the host to minimize the potential deleterious effects of 
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Ty5 transposition; fourth, Ty5 has evolved to transpose infrequently, which may account for 
the low copy numbers of Ty5 in many yeast species; fifth, combinations of all of the above 
four possibilities could conU ibute to the low frequency. To find the answer, we tried to 
isolate a mutant Ty5 element that has a higher transposition fi-equency. We believed such a 
mutant would also facilitate our study of Ty5, which is hindered in many cases by the low 
transposition frequency. 
We looked for such a mutant in a screen similar to that used to identify the M3 
targeting mutant. A Ty5-his2AI element was mutated using an XLI-red E. coli strain 
(Stratagene) as described in Chapter II. In this case, the selection criteria was the number of 
His+ colonies generated by a given mutated element. This represents the number of Ty5 
transposition events. Over 2,000 mutant Ty5 elements were screened. Two Ty5 mutants were 
found with elevated transposition frequencies (Table 1). The quantification of the 
transposition frequency was done as described in chapter 2. Both pXW97 and pXW98 
showed about a 6.1 fold increase in transposition frequency. 
To map the mutations that caused the increased transposition frequencies, we 
swapped restriction fragments between the mutant Ty5 elements and the wild type Ty5 
element. Four new Ty5 constructs were made by exchanging the XhoI-BspM II fragment. 
The transposition frequencies of these constructs were measured and are listed in Table 2. 
Constructs pDR3 and pDR6 showed wild type transposition frequencies, whereas constructs 
pDR4 and pDR5 showed significantly increased transposition frequencies. Furthermore, 
pDR4 and pDR5 showed a degree of increase similar to the original mutants pXW97 and 
pXW98. We thereby concluded that the mutation(s) that caused the increased transposition 
frequency resides within the XhoI-BspM II fi:agment in both mutants. 
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Table 1. The transposition frequencies of two Ty5 mutants. 
Construct 
a 
Transposition Frequency Fold Increase 
WT 
pXW97 
pXW98 
1.9E-5 
11.3E-5 
11.6E-5 
1.0 
6.1 
6.1 
a 
Ty5 elements are drawn schematically. Arrowheads represent the LTRs; the wild-type 
element is white, the mutant element pXW97 is black and mutant element pXW98 is shaded. 
b 
Values represent the average of results obtained from three independent transformants. 
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Table 2. The transposition frequencies of different Ty5 constructs. 
Construct ^ Transposition Frequency ^ Fold Increase 
WT I.9E-5 1.0 
pDR3 B H I.9E-5 1.0 
pDR4 12.3E-5 6.5 
WT H 2.9E-5 C 1.0 
pDR6 
n—wm 2.9E-5 ^ 1.0 
pDR5 14.0E-5 ^ 4.8 
a 
Ty5 elements are drawn schematically as in Table 1. The region swapped between pXW97, 
pJ^98 and the wild type element is the XhoI-BspMII fragment. 
b 
Values represent the average of results obtained from three independent transformants. 
Transposition frequencies were measured in an independent experiment. 
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DNA sequencing revealed that there is a single amino acid substitution in both 
construct pDR4 and construct pDRS. A base pair change caused a tyrosine to cysteine change 
at position 68 of the Ty5 polyprotein in pDR4. An amino acid substitution of aspartic acid to 
asparagine occurred at position 252 of the Ty5 polyprotein in pDR5. Both amino acid 
substitutions are within the gag region of the polyprotein. We conclude that these two 
substitutions caused the increased transposition frequencies in the original mutants pXW97 
and pXW98, respectively. 
The next question we wanted to answer was whether a Ty5 construct with both amino 
acid substitutions would show an even higher transposition frequency. A new construct, 
pDR14, was made that contains both amino acid substitutions. The transposition frequency of 
this double mutant was tested and the result is listed in Table 3. Interestingly, this mutant 
showed about a 36 fold increase in transposition frequency. This indicates that the two 
substitutions have a synergistic effect on Ty5 transposition. This synergistic effect suggests 
that the two substitutions affect different steps of Ty5 transposition. 
Although how these substitutions increase Ty5 transposition frequency remains 
unknown, their locations may provide clues, especially for the aspartic acid to asparagine 
substitution. The aspartic acid at position 252 is within a zinc-finger domain, which is 
conserved among most LTR retroelements and is postulated to be the RNA binding domain. 
Therefore, the aspartic acid to asparagine change may affect binding of the Ty5 mRNA to the 
gag protein and subsequently affects the packaging of mRNA into the virus-like particles. I 
speculate that the tyrosine to cysteine substitution in the gag protein may affect the formation 
of virus-like particles, which is very inefficient for Ty5 (Irwine and Voytas, unpublished 
data). To really understand how these substitutions cause the increased transposition 
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frequencies, however, further analyses of the mutants are needed. Such analyses include the 
analyses of cDNA amounts, Ty5 protein levels and the extent of protein processing, RNA 
binding and the efficiency of particle formation. Although preliminary results suggested that 
targeting was not affected in these mutants (data not shown), a closer look at the targeting 
specificity maybe also necessary for these mutants. 
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Table 3. The transposition frequency of the double mutant. 
Construct ^ 
b 
Transposition Frequency Fold Increase 
WT 0.68E-5 M 1.0 
35.7 pXW97 19.6E-5 
Ty5 elements are drawn schematically as in Table 1 and Table2. The "C" and 
"N" represent the amino acid substitutions. 
Values represent the average of results obtained from three independent 
transformants. 
91 
CHAPTER VI. GENERAL CONCLUSIONS 
Integration is an essential step in the life cycle of retroelements. Many retroelements 
show a strong preference when selecting integration sites. The mechanisms underlying such 
target specificity, however, are largely unknown. In my research, I was able to identify the 
protein domain that is responsible for the targeted integration of the yeast Ty5 
retrotransposons to silent chromatin. This is the first retroelement targeting domain that has 
been identified. I proposed a model for the mechanism of Ty5 target specificity and provided 
strong evidence in support of this model. In addition, I identified two Ty5 mutants that had 
increased transposition frequencies. These mutants will be important for understanding the 
biology of retrotransposons. 
A color assay was developed to efficiently monitor TyS targeting 
The study of targeted integration of retroelements has been hindered by the difficulty 
in monitoring target specificity. Usually, a large number of integration events have to be 
mapped or physically located on chromosomes in order to draw a statistically significant 
conclusion about the target specificity of a retroelement. This can be a real challenge without 
an efficient assay. In my research, I designed and developed a plasmid-based color assay to 
monitor TyS target specificity. In this assay, the percentage of TyS integration events that 
occur near a HMR locus on a plasmid is readily measured by the ratio of red/white sectored 
His+ colonies to white His+ colonies. These His+ colonies are generated from the 
transposition of TyS elements. This assay enabled me to do genetic screens for mutant TyS 
92 
elements with ahered target specificity. It is also a valuable tool for quickly analyzing Ty5 
target preference in a given mutant yeast strain. The assay also makes it possible to screen for 
host mutations that affect Ty5 targeting. 
Ty5 targeting mutants were identified 
Two mutant screens were carried out in this work. In the first screen, the whole Ty5 
element was randomly mutagenized and mutants with altered target specificity were screened 
using the color assay. One mutant, M3, was identified in this screen. This mutant showed 
about a 20 fold decrease in target specificity. Analysis of this mutant revealed that a single 
amino acid substitution was responsible for the loss of target specificity. This substitution is a 
Ser to Leu change at position 1094 of the Ty5 polyprotein. 
Saturation mutagenesis was then carried out to identify more Ty5 targeting mutants. 
A 758 bp BstEI-PJlMI fi-agment that flanks the Serl094 codon was extensively mutagenized. 
Using the color assay, we found 11 new Ty5 targeting mutants. These mutants showed varied 
degrees of decrease in target specificity, and they helped us delimit the boundaries of the Ty5 
targeting domain 
The TyS targeting domain is only 6 amino acids in lengtli 
Analysis of the targeting mutants revealed that they all have an amino acid 
substitution in one of four amino acids in a six amino acid domain flanking Ser1094. These 
substitutions were shown to be responsible for the decreased target specificity of all 11 of the 
mutants. Site-directed mutagenesis was used to further analyze this domain. Mutations to the 
amino acids flanking this six amino acid domain had no effect on TyS targeting specificity. 
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We concluded that the TyS targeting domain is only six amino acids in length. Interestingly, 
mutations in two of the six amino acids in the targeting domain did not show a significant 
effect on TyS target specificity. In other words, there are only 4 amino acids essential for the 
targeted integration of TyS to silent chromatin. 
Evidence for protein-protein interactions between the TyS targeting domain and 
components of silent chromatin 
We proposed that the strong TyS target preference is the result of the TyS integration 
complex being tethered to silent chromatin by a protein-protein interaction between the TyS 
targeting domain and components of silent chromatin. Tethered silencing, over-expression 
and tethered integration experiments were done to test this hypothesis. In the tethered 
silencing experiment, we found that tethering the TyS targeting domain to a crippled HMR-E 
silencer can effectively establish silencing. In the overexpression experiments, we showed 
that overexpressing the TyS targeting domain could dramatically decrease telomeric position 
effect (TPE), which is very sensitive to the stoichoimetry of the components of silent 
chromatin. In the tethered targeting experiment, we were able to create a new hot-spot for 
TyS integration by tethering Sirlp to a locus on a plasmid. These results strongly support the 
existence of a protein-protein interaction between the TyS targeting domain and components 
of silent chromatin. 
Two TyS mutants with increased transposition frequencies were identified 
TyS transposition frequency is low compared to other Ty elements in S. cerevisiae. 
This low frequency could be caused by many factors. We screened for TyS mutants with 
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significantly increased transposition frequencies. We believed that such mutants would help 
us understand why transposition is so low. Two mutants were found in our screen. Each 
mutant showed about a six fold increase in overall transposition frequency. Subsequent 
analyses pinpointed the mutations in each mutant to an amino acid substitution in the S'end 
of Ty5 polyprotein, which is presumably the gag protein. The positions of these two 
mutations suggest that steps such as RNA binding and virus-like particle formation may be 
affected. A recombinant mutant that has both mutations showed about a 36 fold increase in 
transposition frequency. The seemingly synergistic effect of the two mutations indicates that 
they may affect two different steps of Ty5 retrotransposition. However, extensive analyses 
are needed to elucidate the actual effects of these mutations. Such mutants, nevertheless, can 
be very useful in facilitating other studies of the Ty5 retrotransposon that are often hindered 
by the low transposition frequency. 
The implications of tiiis researcli 
Retroviruses are widely used for delivering DNA to cells in human gene therapy. A 
major drawback of using retroviruses as vectors is their relatively random integration into the 
host genome. This creates a potentially disastrous side effect if the retroviruses integrate into 
and alter the expression of important genes, such as oncogenes. The identification of a 
retroelement targeting domain in this research indicates that we can manipulate the target 
specificity of retroelements. We hope to engineer new retroviral vectors by adding a targeting 
domain to the retroviruses so that they will integrate into desired chromosomal regions. In 
other words, we can add a protein domain that interacts with a specific chromosomal protein 
to the retrovirus. The engineered retroviral vector may gain a target specificity to the 
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chromosome regions bound by this protein. The small size of the Ty5 targeting domain 
suggests that size constraints are not likely to be limiting factors in such engineering 
experiments. Furthermore, an engineered retroelement with a targeting domain that interacts 
with a specific chromosomal protein, such as a transcription factor, may be very useful in 
determining the sites of action of chromosomal proteins. Such sites of action are likely very 
close to the insertion sites of the engineered retroelement if the element gains target 
specificity with the adding of such a targeting domain. 
